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structural fibre-bundle matrix; LB: lamellar bone; PC: primary canal; PO: primary 
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fairly well-vascularized. The growth markers parallel the outer bone surface before 
deflecting inwards towards the interior of the bone near the suture margin. Sharpey’s 
fibres are abundant, especially towards the cancellous bone. B) Vascularization patterns 
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anteroposterior thin-section. The external cortex is thicker than the internal cortex and the 
cancellous bone regions consists of relatively large, circular spaces. D, E) Cancellous 
bone and internal cortex under polarized (D) and normal (E) light. The internal cortex is 
composed of essentially avascular parallel-fibred bone. The trabecular of the cancellous 
bone are composed of lamellar bone and varying amounts of interstitial ISF; CB: 
cancellous bone; EC: external cortex; GM: growth marker; IC: internal cortex; LB: 
lamellar bone; PFB: parallel-fibred bone; ShF: Sharpey’s fibres. ...................................228 
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Abstract 
Taphonomy and Paleoecology of a Cretaceous-Paleogene Marine Vertebrate Bonebed 
Zachary M. Boles 
Kenneth J. Lacovara, Ph.D 
James R. Spotila, Ph.D 
 
 
 
 In this dissertation, I characterize the vertebrate taphonomy and paleoecology of the 
Cretaceous-Paleogene Main Fossiliferous Layer (MFL) of the Hornerstown Formation, exposed 
at the Rowan Fossil Quarry in Mantua Township, New Jersey. The MFL has been proposed to 
represent a: 1) reworked deposit; 2) time-averaged deposit; or 3) a mass-death assemblage, 
possibly related to the K/Pg impact event. If the mass-death scenario is correct, the MFL would 
represent the only known vertebrate bonebed located stratigraphically at the K/Pg Boundary and 
would offer unique insight into the immediate aftermath of the bolide impact event. In spite of the 
potential importance of this site, no systematic taphonomic studies had been conducted prior to 
my research. Beginning in 2012, the MFL was systematically excavated and all contextual 
information was recorded. Several associated and articulated partial skeletons were recovered 
from an area of ~ 150 m2 in addition to hundreds of isolated bones. A “bloat and float” scenario 
can explain the abundance of isolated skeletal elements. Preservation of skeletal elements varies, 
although abrasion is typically minor or absent. Bioerosion is relatively common and may account 
for much of the damage to the bones. My taphonomic data, when viewed in light of other 
previous studies, favors the hypothesis that the MFL formed over a relatively short period of time 
due to a sudden influx of vertebrate carcasses.  
 I also report the first recovery of soft-tissue-like structures from marine vertebrate fossils 
with known handling history and negative controls. Osteocyte-like structures were isolated from 
turtle shell elements of various taxa as well as from an indeterminate turtle humerus. Osteocyte- 
and vessel-like structures were also isolated from the femur of a marine crocodile, Thoracosaurus 
neocesariensis. However, not all of the sampled bone samples yielded soft-tissue-like structures. 
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At least within the MFL, preservation of these microstructures is independent of taxon, skeletal 
element, or the macroscopic preservation of the bone. Instead, the best indicator of both the 
preservation of microstructures and bone microstructure is the fossil color. In the sampled bone 
fragments, tan colored samples yielded no or poorly preserved osteocyte-like structures whereas 
darker colored samples provided abundant and/or well-preserved cell-like structures. This study 
indicates that soft-tissue-like structures can be preserved in a marine setting and that they can be 
recovered from sediments completely waterlogged over geologic time. 
 My third chapter focuses on the preservation and identification of vertebrate coprolites in 
the MFL. At least 178 coprolites were recovered from the MFL and at least seven morphotypes 
are recognized based on size, morphology, and the presence of inclusions. Heteropolar spiral 
coprolites are abundant and were likely produced by chondrichthyans with a spiral valve. Pellets, 
small cylindrical coprolites and large cylindrical coprolites may have been produced by bony fish, 
sea turtles, crocodilians, and/or mosasaurs. None of these morphotypes, except for the single 
large heteropolar spiral coprolite and a few indeterminate coprolite fragments, possess 
identifiable inclusions. Instead, most visible inclusions are small brown or black structures that 
may represent highly digested bone fragments. The phosphatic nature of the coprolites and the 
presence of some bone material suggest that carnivores likely produced many of them. However, 
the specific producer(s) cannot be identified. Complete coprolites are uncommon with most 
exhibiting some degree of pre-fossilization damage including breaks and bioerosion (e.g. 
coprophagy). 
 For my final chapter, I described the shell bone histology of six of the eight turtle taxa 
known from the MFL. Based on the histology, overall architecture, and compactness of the bones, 
I was able to infer the habitat preference of the turtles. Agomphus pectoralis and Adocus beatus 
likely inhabited freshwater habitats near the shore, whereas Bothremys barberi and Taphrosphys 
sulcatus were shallow marine sea turtles. The bone histology of Peritresius ornatus suggests a 
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shallow marine environment whereas the compactness values and overall shell morphology 
suggest a more pelagic lifestyle. Catapleura repanda is suggested to be a pelagic turtle based on 
bone histology, bone compactness values, and overall shell morphology.  
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CHAPTER 1: VERTEBRATE TAPHONOMY OF THE 
CRETACEOUS/PALEOGENE MAIN FOSSILIFEROUS LAYER OF THE 
HORNERSTOWN FORMATION, NEW JERSEY 
 
 
1.1 Abstract 
 The Cretaceous/Paleogene (K/Pg) Hornerstown Formation is composed of nearly 
pure, heavily bioturbated glauconite deposited in a midshelf environment. Just above the 
base of the formation, there is a 20 – 30 cm thick bonebed commonly referred to as the 
Main Fossiliferous Layer (MFL), which is a shallow marine, multitaxic fossil assemblage 
located at or near the K/Pg boundary. Over 50 invertebrate and vertebrate taxa are present 
within the bonebed including marine crocodiles, sea turtles, chondrichthyans, 
osteichthyans, and mosasaurs. The age and genesis of the bonebed have been hotly 
debated for decades. It has been proposed to represent 1) a reworked assemblage; 2) a 
time-averaged assemblage; or 3) a mass-death assemblage possibly related to the K/Pg 
impact event. Despite the possible importance of this bonebed, very little taphonomic 
work has been conducted.  
Here I present the results of a large-scale (> 160 m2) excavation and in-depth 
taphonomic study of the MFL. Most of the fossils are preserved as isolated fragmented 
bones and teeth. However, several associated and articulated partial skeletons were 
discovered including five turtles and a nearly complete, but associated, marine crocodile 
(Hyposaurus rogersii). Sea turtles are the most common marine reptiles in the MFL study 
area, followed by crocodiles, then mosasaurs. Abrasion is usually minor with broken 
edges and sutures only slightly rounded. 
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 The reworking origin of the MFL is not supported based on taphonomic and 
sedimentological data. Some degree of time-averaging cannot be ruled out, but the 
temporal range of this may be quite short. Many of the large vertebrate remains are robust 
elements that exhibit minor abrasion and varying degrees of bioerosion, thus they must 
have been on the seafloor for a time long enough to be colonized by invertebrates, but not 
long enough to be completely destroyed. Sedimentological data indicates a slow but 
continuous rate of sedimentation from the underlying Navesink through the upper 
Hornerstown Formation. As fossils are rare above and below the MFL, low sedimentation 
rates cannot explain the abundance of fossil material in this layer.   
Previous studies have shown a loss of diversity and a dwarfing of invertebrate 
fauna above the MFL. The current research, when combined with previous studies, best 
supports an increased input of vertebrate material above background levels, into the 
depositional environment of the basal Hornerstown Formation. The organisms in the 
bonebed likely died over a single episode that led to their demise. Therefore, the MFL 
appears to be a mass-death assemblage, although the duration of the event remains to be 
clarified. 
 Based on the current study, a proposed taphonomic model is as follows: upon 
death, the organisms sank to the seafloor before eventually refloating after enough gas 
built up within the carcasses. The floating carcasses were subject to some scavenging and 
continued decay. As the connection between bones was lost, skeletal elements dropped 
out of the floating carcasses or were lost to scavengers. Eventually, the carcasses sank 
back down through the water column and further disarticulated upon impact on the 
seafloor. Scavenging of the remains likely continued to some degree, while invertebrates 
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and microbes including sponges, cyanobacteria and/or algae colonized the hardparts. 
These colonizers were subsequently predated upon or consumed by other organisms 
including echinoids and grazing gastropods before the bones were eventually buried. 
Extensive bioturbation of the sediments by burrowing organisms may have further 
disarticulated some skeletons, but may have also helped bury specimens more quickly 
than would be expected for a mid- to deep-shelf depositional environment. 
 
1.2 Taphonomy 
 
The term taphonomy was first defined by Efremov (1940, p. 85) as the “study of 
the transition (in all its details) of animal remains from the biosphere into the 
lithosphere.” Taphonomy seeks to understand the processes that led to the preservation of 
organic remains in the rock record as well as the biases imposed by such processes 
(Behrensmeyer et al., 2000). Although traditionally thought of as the study of 
postmortem information loss, taphonomy can also provide insight into how fossil 
assemblages can be changed by the addition and alteration of information. Since Efremov 
first coined the term, taphonomy has evolved to play a critical role in every field of 
paleontological study including evolution, paleoecology, biogeography, molecular 
paleontology, diagenesis, and extinction. This led Behrensmeyer and Kidwell (1985, p. 
105) to update the definition of taphonomy as the “study of processes of preservation and 
how they affect information in the fossil record” which emphasizes the important 
information that can be gained through taphonomic alteration. Taphonomy can generally 
be divided into two main subdisciplines, biostratimony and diagenesis. Biostratimony is 
concerned with all the processes that occur from death until final burial whereas 
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diagenesis encompasses the chemical processes leading to fossilization after burial (Brett 
and Baird, 1986). A thorough analysis of several variables including the degree of 
articulation (Martill, 1986; Beardmore et al., 2012), bone weathering (Behrensmeyer, 
1978), abrasion (Shipman, 1981; Fiorillo, 1988; Irmis and Elliot, 2006), sorting and 
orientation (Behrensmeyer, 1975), histologic integrity (e.g., Turner-Walker and Jans, 
2008), mineralogy and compositional changes (Trueman et al., 2004) and faunal diversity 
(Martin, 1999) is necessary for a complete understanding of the taphonomic history of 
individual specimens or entire bone assemblages. Brett and Baird (1986) identified four 
broad categories of destructive processes that break down hardparts in marine 
environments: 1) reorientation, 2) disarticulation, 3) fragmentation, and 4) corrasion. 
Recent observational and actualistic taphonomic studies were primarily conducted 
in terrestrial ecosystems (e.g., Behrensmeyer 1978; Olsen and Shipman, 1988; Denys, 
2002). Marine and deep freshwater studies are more limited because they may require 
extra equipment (e.g. boats, underwater cameras), costs, and expertise (Allison et al., 
1991). Within the marine realm, many Recent taphonomic studies are based on deep sea 
whale falls (Allison et al., 1991; Jones et al., 1998; Smith and Baco, 2003; Smith et al., 
2014; Smith et al., 2015) that are usually found fortuitously by oceanographers 
conducting deep sea research. For these studies, the length of time the carcass has been 
laying on the sea floor is usually unknown. Other studies have emplaced pig (Anderson 
and Bell, 2014), cow (Hilario et al., 2015), cetacean (Dahlgren et al., 2006), or shark 
(Witte, 1999) carcasses on the seafloor at various depths. Studies of human remains in 
marine environments have also provided a wealth of data concerning taphonomic 
processes at work in coastal and shallow marine settings (e.g., Bell and Elkerton, 2008; 
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Pokines and Higgs, 2015). However, Schäfer’s (1972) seminal publication on the death, 
decay, and burial of various vertebrates and invertebrates in the North Sea remains one of 
the best works on this topic. 
Taphonomic studies of marine fossil assemblages have been limited to mainly 
invertebrate/shell assemblages (Davies et al., 1989; Kidwell and Bosence, 1991; Flessa et 
al., 1993; Brett, 1995; Pavia et al., 2013), ‘Lagerstätten-type’ marine reptile assemblages 
(Beardmore and Furrer, 2016; Reisdorf et al., 2012; Delsett et al., 2015), and fossil whale 
falls (e.g., Brand et al., 2004; Esperante et al., 2009). Only a few publications examine 
multi-individual or multi-taxic marine bonebeds (e.g., Pyenson et al., 2009; Boessenecker 
et al., 2014). 
 A review of the literature shows that most actualistic taphonomic experiments, in 
both terrestrial and aquatic environments, involve the use of mammalian carcasses or 
bones. During the Cretaceous, the seas were dominated by marine reptiles including sea 
turtles, mosasaurs, crocodilians, ichthyosaurs, thalattosuchians, and plesiosaurs (Motani, 
2009). Today, there are only two fully marine reptiles, sea turtles and sea snakes. A few 
semi-aquatic snakes, the saltwater crocodile, and the Galapagos marine iguana, will 
occasionally enter brackish and saltwater to forage or travel long distances (Trillmich and 
Trillmich 1986; Campbell et al., 2010; Rasmussen et al., 2011). Consequently, very little 
is known about marine reptilian taphonomy, or reptilian taphonomy in general (Lyman, 
1994).  
Only a few observational or actualistic studies have been conducted examining 
the fate of reptile remains in aquatic environments. Weigelt (1927/1989) provides one of 
the earliest descriptions of the death and early stages of decay of extant organisms 
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including crocodiles and turtles, which were found around a lake. More recently, a few 
studies have attempted to describe the decay and disarticulation of reptiles in aquatic 
settings. Meyer (1991) buried two carapaces from modern hawksbill sea turtles 
(Eretmochelys imbricata) in the intertidal zone. Ligaments were partially decayed and 
some peripherals were disarticulated after 7 days and after 17 days all the peripherals 
were disarticulated and all sutures of the carapace were open. The other carapace was 
excavated by the tides on day 5 and was quickly disarticulated with individual bones 
widely distributed along the shoreline and lagoon (Meyer, 1991). Brand et al. (2003) 
conducted a study to examine the decay and disarticulation of small red-eared sliders 
(Trachemys scripta) in freshwater, saltwater, and terrestrial settings. They found that the 
turtles floated for 2 – 10 weeks before sinking with complete disarticulation in 15 – 25 
weeks. The skull, neck, limbs and tail all disarticulated from the body early in the decay 
process followed much later by disarticulation of the carapace then finally the plastron 
(Brand et al., 2003). In studies by Meyer (1991) and Brand et al. (2003), peripherals were 
the first elements of the carapace to disarticulate and the disarticulation occurred along 
sutures.  
Richter and Wuttke (2012) described the decay of a single iguanid (Oplurus 
cuvieri) in freshwater and used the results to interpret the decay and disarticulation of 
Mesozoic lizard bone assemblages. In this study, a 20 cm long O. cuvieri was completely 
disarticulated within a short period of time (2 months), which is in agreement with other 
studies demonstrating rather rapid disarticulation in aquatic settings. Syme and Salisbury 
(2014) studied the decay of juvenile saltwater crocodiles (Crocodylus porosus) in 
freshwater aquaria under three different treatments: 1) rapid burial after death; 2) burial 
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upon sinking after a bloat-and-float stage; and 3) no burial upon sinking. Under ideal 
conditions (e.g., no currents or scavengers), the carcasses, on average, refloated after 5 
days and finally fully sank 55 days postmortem with minimal disarticulation during the 
float stage (Syme and Salisbury, 2014). A majority of the disarticulation seems to have 
occurred upon impact of the carcasses on the substrate, suggesting that only rapid burial 
postmortem, or prevention of refloating, can result in articulated specimens (Syme and 
Salisbury, 2014). 
As in terrestrial settings, different taphonomic processes dominate within different 
marine subenvironments. For example, the process of disarticulation varies between 
shallow- and deep-water environments. When an animal dies in water, the carcass will 
usually first sink to the seafloor. As the animal decays, gas build-up may lead to 
refloating, the so-called “bloat and float” scenario (Schäfer, 1972; Allison et al., 1991). 
These gas-filled, buoyant carcasses are subject to scavenging and continued decay, which 
leads to disarticulation as individual bones or body parts descend to the seafloor. In the 
deep-sea environment, increased hydrostatic pressure may prevent carcasses from 
refloating thus increasing the level of preservation and the degree of articulation (Allison 
et al., 1991). Here, biological processes (scavenging and microbial decay) play the 
dominant role in disarticulation and preservation (Allison et al., 1991).  
 
1.3 Geology and Paleontology of the Hornerstown Formation 
 
The Hornerstown Formation is a dusky-green, bioturbated, unconsolidated 
glauconitic sand that is moderately sorted and medium-grained (Minard et al., 1969; 
Gallagher, 1993). Authors now agree that the basal portion of the formation is 
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Maastrichtian while the rest of the unit is Danian in age (Koch and Olsson, 1977; 
Gallagher, 1993; Gallagher, 2002). At the Rowan Fossil Quarry, the Hornerstown sits 
?conformably on top of the Maastrichtian Navesink Fm. and is overlain by the 
Vincentown Fm., which is has been assigned to a Dano-Montian (e.g., Gallagher, 1993; 
Gallagher et al., 2012) or Thanetian age (e.g., Olsson, 1970; Lacovara and Gallagher, 
2006). The Hornerstown Fm. is composed of nearly pure (~95%) glauconite (Minard 
1969), which shows increasing maturity from the base up through the upper portion of 
the formation (Obasi et al., 2011). Bioturbation, evidenced by the presence of pervasive 
Thalassinoides burrow traces, is extensive and increases (ichnofabric indices 4 to 6 of 
Miller and Smail, 1997) stratigraphically up through the formation (Wiest, 2014). 
Rhizocorallium burrow traces are occasionally encountered, but are preserved as discrete 
structures (i.e. infills) that are lithologically different than the surrounding greensand 
(Boles, pers. obs.).  
Two fossil assemblages are present, one near the base of the formation (the Main 
Fossiliferous Layer) and the other ~2.5 m above the contact (Gallagher, 2002). This 
younger Middle Hornerstown Fossil Assemblage consists of a few, small species of 
molluscs and a single species each of brachiopod, sponge, and coral (Gallagher, 2003). 
Vertebrate remains are rare and mainly consist of isolated lamnid shark teeth (Gallagher, 
2003). The Main Fossiliferous Layer (MFL), as the name implies, is very rich in both 
number of fossils as well as the number of taxa. The bonebed is a 25 – 35 cm thick 
concentrated layer of vertebrate and invertebrate fossils approximately 10 cm above the 
contact between the Hornerstown and Navesink formations (e.g., Obasi et al., 2011). The 
bonebed preserves a variety of vertebrates including turtles, crocodilians, mosasaurs, 
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birds, sharks, and fish as well as various invertebrates (Gallagher, 2003). The fauna 
consists predominately of marine organisms with <10% of the fossils being from 
terrestrial flora and fauna (Gallagher, 1993), including birds (Olson and Parris, 1987), 
freshwater turtles (Gallagher, 2003) and a hadrosaurid dinosaur (Schein et al., 2012).  
The genesis of the MFL has been a matter of debate for decades, but three main 
hypotheses have been put forward: 1) the bonebed represents a time-averaged 
accumulation (Kennedy and Cobban, 1996); 2) the bonebed is the result of reworking of 
older Cretaceous fossils followed by deposition of Paleocene organisms (Minard et al., 
1969; Landman et al., 2004; Landman et al., 2007); or 3) the bonebed represents a mass-
death assemblage possibly related to the K/Pg bolide impact and subsequent mass-
extinction (Gallagher, 2003; Obasi et al., 2011).  
 
1.3.1 Rowan Fossil Quarry  
 
The best exposure of the MFL, in the Atlantic Coastal Plain, occurs at the former 
Inversand Co. pit (Gallagher, 2002), which is now the Rowan Fossil Quarry. Previous 
excavations at the Rowan Fossil Quarry typically involved surface collecting or digging 
random pits down into the MFL. Many other specimens were initially unearthed during 
normal mining activities by the workers who would sometimes halt work in that area and 
contact local institutions to come recover the rest of the fossils (Denton et al., 1997). 
Such piecemeal collecting of fossils has been noted by several authors including Baird 
(1964) who suggested that non-systematic collecting techniques have led to the 
fragmentary nature of greensand fossil material in museum collections. Still, at other 
times in the past, amateur fossil collectors would be allowed into the quarry to dig the 
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MFL with local institutions or clubs. During these digs, volunteers were able to keep the 
fossils they found, unless scientists from local universities or museums deemed the 
specimen too important. Over decades, this unfortunately led to a loss of data and 
contextual information. After 2010, fossil resources at the quarry fell under the 
management of Drexel University and then, in 2015, Rowan University. Fossils are now 
excavated from the MFL only systematically, and all contextual information is recorded. 
Prior to the establishment of systematic collecting, little to no data (e.g., field 
maps, photographs, field notes) were recorded other than from what layer the fossils were 
recovered. Collection and stratigraphic data is even less common for specimens collected 
in the 1800s through the mid 1900s. For many of these older specimens, the stratigraphic 
provenance consists of old miner terms for the different formations; but when these data 
are combined with preservational style and associated matrix, the formation from which 
the specimens were recovered can be deduced (Gallagher, 2015). While museum 
collections can provide some information regarding the preservation and taphonomy of a 
specimen or bonebed, much data is lost once the specimen has been excavated and 
prepared (Martill, 1986). 
Few taphonomic studies have been conducted on fossil remains from the MFL 
despite its potential significance as a bonebed associated with the Cretaceous-Paleogene 
(K/Pg) impact event. Gallagher (1993) provided a short taphonomic overview of fossils 
collected from the MFL in his discussion of the K/T mass extinction event in the Atlantic 
Coastal Plain and also (Gallagher, 2005) discusses the taphonomic state of mosasaur 
material from the Hornerstown and other formations. Schein et al. (2008) reviewed a 
number of well-preserved articulated or associated skeletons from the MFL that favor the 
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time-averaging hypothesis. Staron et al. (2001) found that the rare earth element (REE) 
signature of bones from the MFL differ from those from the underlying Navesink or 
higher up in the Hornerstown Fm., implying a unique depositional setting. That study 
also indicated that the bonebed is Cretaceous in age and that the K/Pg boundary must be 
present within or just above the fossil layer (Staron et al., 2001) because clearly 
Cretaceous fauna (i.e. mosasaurs) were deposited in the bonebed and not reworked from 
the underlying Navesink Fm. Many other relevant papers only mention the taphonomy of 
the bonebed or specific specimens in passing (e.g., Baird, 1964; White, 1972; Gaffney, 
1975; Parham, 2005). 
Because the Rowan Fossil Quarry was previously an active glauconite mine, 
extensive, long-term excavations were not possible. However, within the past several 
years, mining operations became no longer financially viable and active mining of the 
site slowed to a halt in November, 2015. Fortunately, the Inversand Company was very 
supportive of paleontological research and allowed the Lacovara research group to 
continue working the site while operations wound down. The company also provided 
assistance by removing a large amount of overburden to allow our group to excavate and 
map the bonebed in a controlled manner. The purpose of this, potentially last, major 
excavation of the MFL was to document the taphonomy of the bonebed in great detail 
and to collect any and all fossils that were uncovered.  
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1.4 Materials and Methods 
 
 
1.4.1 Excavation and Mapping 
 
In mid-2012, the Inversand Company removed overburden from a large (>175 
m2) area in the pit, allowing us to excavate the bonebed in a systematic manner. A grid 
system was constructed using rebar to mark off square-meters to permit a controlled 
excavation and extensive mapping. Individual square-meter cells were then carefully 
excavated by graduate students, undergraduates, and community volunteers. When 
vertebrate material was encountered, it was mapped in a field book and assigned a field 
number (e.g., A-1-1) indicating from which grid cell the fossil came. Other fossils, such 
as coprolites, fossilized wood, rare invertebrates, or large (> 1 cm) clasts were also 
mapped and given numbers. During excavation of the MFL, the sediment was collected 
and sieved using quarter-inch wire-mesh. Fossil material from the sieve was not given a 
field number. Fossils were taken back to the Drexel University Paleontology Lab, and 
now to the Rowan University Paleontology Lab to be prepared and studied. Once in the 
lab, fossils and sediment were allowed to air-dry or were dried with small fans. 
Specimens were then cleaned and repaired with toothbrushes, x-acto knives and 
PaleoBOND glues. Following preparation, fossils were examined and several taphonomic 
characteristics were noted and described. Unless otherwise stated, only fossils collected 
from the grid area were used for the analyses. All collected fossils are now reposited in 
the Rowan University Paleontology Collection at Rowan University, Glassboro, New 
Jersey. 
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1.4.2 Bone and Taxon Identification  
 
 Skeletal elements and the taxon from which they derive were identified whenever 
possible using the faunal list provided in Gallagher (2003), with small changes and 
additions. Borealosuchus threeensis has since been added to the known fauna (Brochu et 
al., 2012). The sea turtle Dollochelys atlantica is now considered synonymous with 
Catapleura repanda (Hirayama, 2006). Additionally, the cranial material of the turtle, 
Osteopygis, has been referred to the new species Euclastes wielandi and the postcrania 
are considered Eucryptodira incertae sedis cf. “Macrobaenidae” (Parham, 2005). 
 
1.4.3 Minimum Number of Individuals 
 
Due to the nature of the bonebed (e.g., mixed specimens and widely distributed 
bones of the same individual) and because the most common reptiles, sea turtles, are 
represented primarily by shell elements, it is difficult to get a reliable estimate of the 
number of individuals that are preserved in the excavated area. Using the minimum 
number of individuals (MNI) method would likely underestimate the true number of 
individuals present in the MFL, while the number of identifiable specimens (NISP) 
method would greatly over-estimate the number. Therefore, I decided to estimate the 
number of individuals of different marine reptiles based on 1) articulated or associated 
skeletons, 2) element(s) that are clearly from individuals of different sizes or ontogenetic 
stages, and 3) any unique characteristics. For all bony and cartilaginous fishes, an MNI of 
one was given for the species if one or more identifiable elements were recovered. Only 
for chimaerids was the MNI method applicable because ratfish are known from dental 
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plates which are distinct enough to determine what side of the jaw they are from and 
which dental plate they are (e.g., left mandibular, right palatine, etc.). 
 
1.4.4 Measurements 
 
The maximum length and width of skeletal elements were measured using a 
digital caliper or a flexible metric tape measure. For bones and bone fragments, 
maximum length refers to the longest dimension of the element, even if it does not 
correspond to the true long axis of the skeletal element. Tooth length was measured from 
the root to the tooth tip. Tooth width corresponds to the maximum width of the root or 
widest preserved part of the tooth.  
 
1.4.5 Articulation 
 
 Various articulation scales have been used and can range from simple to complex. 
More complex articulation categories (e.g., Beardmore et al., 2012) describe the degree 
of articulation of both the whole skeleton and of different anatomical units (e.g. head, 
ribs, left forelimb, right hindlimb). Based on previously collected specimens from the 
MFL, it was decided to use the simple articulation scale used by Boessenecker et al. 
(2014). Specimens are coded on a scale from 1 to 4 where 1 = articulated skeleton or 
elements, 2 = disarticulated skeleton, 3 = small cluster of associated elements, and 4 = 
isolated element (Figure 1.1). Multi-element specimens were also described in detail. 
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1.4.6 Fragmentation 
 
 Only the presence of bone fragmentation and the breakage pattern (e.g. transverse, 
longitudinal, spiral) were noted. Teeth were assigned to one of five completeness 
categories: Complete, Partially damaged root, No root, Fragment, and Shard. Tooth 
fragments are missing most, or all, of the root and some portion of the crown. Tooth 
shards are small pieces of the crown or slivers of enamel.  
 
1.4.7 Abrasion 
 
Generally, only broad abrasion classes have been used because of difficulties in 
delimiting different categories of abrasion when there is a fine gradation in the degree of 
rounding (Shipman, 1981). The abrasion scale of Boessenecker et al. (2014) was also 
employed here. The scale is a modified version of Fiorillo’s (1988) abrasion scale in 
which Stage 0 = unabraded, Stage 1 = lightly abraded, and Stage 2 = heavily abraded 
(Figure 1.2).  
 
1.4.8 Weathering/Surface Cracking 
 
 Subaerial weathering has been studied extensively and can provide information 
concerning local environmental conditions and the time since death (Behrensmeyer, 
1978). While marine weathering likely exists, it is poorly understood and the mechanisms 
are likely different than those responsible for subaerial weathering (Staron et al., 2001; 
Boessenecker et al., 2014). Therefore, only the presence and orientation of surface cracks 
relative to the bone fiber were noted.  
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1.4.9 Bioerosion 
 
 The presence and type of macroscopic bioerosion was noted. Assignment of 
modification features to tooth marks and feeding traces (scores, pits, and punctures) 
follows the definitions of Binford (1981). Scores are defined as shallow, typically linear, 
grooves in cortical bone. Pits are shallow circular depressions in the cortical bone. 
Punctures occur when the tooth penetrates through cortical bone into the cancellous 
region of the bone, usually leaving a clear imprint of the tooth.  
Other bioerosional terms include excavations, borings, and corrasion. In the 
current study, excavations are fairly deep circular depressions in the bone, typically with 
irregular edges and walls likely formed by invertebrates. Borings are produced by 
chemical and mechanical degradation of a hard substrate, typically by invertebrates. 
Corrasion refers to a combination of mechanical abrasion, bioerosion, and 
biogeochemical corrosion (Brett and Baird, 1986). 
 
1.4.10 Matrix 
 
 During preparation, only sediment (greensand and clay) that could be brushed off 
with minimal effort was removed.  The presence and extent of strongly adhered sediment 
and/or mineral growth on fossils was noted.  
 
1.4.11 Preservation of Bone Microstructure 
 
To examine the preservation of the bones at a microscopic level, petrographic 
thin-sections of several different skeletal elements of various species were made. Any 
correlation between bone microstructure preservation and bone color were noted. These 
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ground-sections were primarily used in a study of turtle shell bone histology (Chapter 4) 
and the preservation of soft-tissue structures (Chapter 2). Petrographic-sections were 
made following standard techniques (e.g., Chinsamy and Raath, 1992) with a more 
detailed description of the methodology given in Chapter 4.  
 
1.4.12 Mineralogy: X-Ray Diffraction 
 
 The mineralogy of the fossil remains was determined using X-Ray Diffraction 
(XRD) analysis at the University of Pennsylvania. Small fragments (~1 to 2 g) were 
mechanically powderized to less than 10 μm in a SPEX tungsten carbide Mixer-Mills 
(model #8000) for 10 minutes. The powders were then loaded into sample holders before 
being analyzed using a Phillips X'Pert diffractometer (#DY1738) using Cu Kα radiation 
(λ = 1.54178Å) and operating at 45 kV and 40 mA. Diffraction patterns were measured 
from 5-75 °2θ using a step size of 0.017 °2θ and 1.3 seconds per step (= 0.77 degrees per 
minute). The diffraction patterns were then interpreted using Phillips proprietary software 
HighScore Plus v. 3.0e. 
 
1.5 Results 
 
 
1.5.1 Fauna and Skeletal Elements 
 
Over 3100 individual bones/bone fragments and teeth were recovered from an 
area of ~161 m2 giving a concentration of ~20 vertebrate fossils per square meter. 
Including vertebrate coprolites increases the concentration to ~21 vertebrate remains per 
square meter. Less fossiliferous grid cells may have only around 10 vertebrate fossils 
whereas cells with partial skeletons may have several dozen. Careful screening of 
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vertebrate microfossils would be expected to increase the density of vertebrate remains 
per square meter. Invertebrate macrofossils are more abundant than vertebrate 
macrofossils. For instance, the number of complete or incomplete steinkerns (internal 
molds) of the bivalve Cucullaea vulgaris ranged from 10 to 96 specimens per square 
meter with an average of 40. At least 1500 bones and bone fragments came from various 
taxa including chondrichthyans, bony fish, sea turtles, marine crocodiles, and mosasaurs 
(Figure 1.3A). More than half (56%) of the skeletal remains belong to chondrichthyans 
and osteichthyans. The percentage increases to 80% when teeth are included. When all 
vertebrate body fossils are counted, 51% of the remains belong to chondrichthyans, 29% 
to osteichthyans, 13% to chelonians, 2% to crocodilians, and the remaining 5% to 
mosasaurs, avians, indeterminate reptiles, and indeterminate vertebrates (Figure 1.3B). 
As these percentages are based on the total number of individual elements in each group, 
the discovery of just one multi-element specimen would be expected to have a significant 
impact on these numbers. For instance, only the bones of RU-EFQ-8/NJSM 23368 that 
our group collected (n = 10) were included in the dataset. Inclusion of the entire specimen 
(which includes teeth and osteoderms), based off the element count (n = 210) of Callahan 
et al. (2015) would increase the percentage of crocodilian remains to 8%. 
The most commonly encountered reptilian remains are sea turtles, crocodilians, 
and mosasaurs, in descending order. Among the sea turtle remains, bones of the carapace 
(costals and peripherals) and plastron are the most frequently preserved. Girdle elements 
(scapulae), femora and humeri are the most common appendicular elements, whereas 
bones of the lower limbs are rare. Crocodilian remains consist mainly of vertebrae and 
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fragmentary jaw elements, with a few limb elements and osteoderms. The only mosasaur 
materials found are vertebral centra, teeth, and a pterygoid. 
Osteichthyan fossils include vertebrae, fin spines, teeth, jaw bone fragments, and 
scales. Many of the small fin spines can be attributed to beryciform fishes (M. Becker, 
pers. comm. 2016). Teeth and jaw fragments of Enchodus ferox and E. gladiolus are 
common and easily identifiable owing to their diagnostic tooth shape. Chondrichthyan 
remains consist of shark teeth, centra, and calcified cartilage, ray toothplates and centra, 
and chimaera (ratfish) dental plates. 
A total of 1649 isolated teeth have been excavated to date from the MFL. 
Including teeth still within jaw elements brings the total to 1666. Approximately 83.6% 
of the teeth are from various shark taxa, although 46% cannot be identified beyond 
indeterminate elasmobranch because they are too fragmentary or lack a root. Of those 
that can be identified, Odontaspis cuspidata teeth are by far the most common, followed 
by Cretolamna appendiculata (>15), Squalicorax pristodontus (n = 30), Hexanchus sp. (n 
= 2), and Sphenodus lundgreni (n = 1). Stingray tooth plates are rare (n = 4). Fish teeth 
are also frequently encountered (n = 251; ~ 15% of all teeth). Enchodus sp. teeth and jaw 
fragments are common, identifiable osteichthyan remains owing to the diagnostic 
recurved shape of their saber teeth. Reptilian teeth are rare, with eight of the 19 total teeth 
coming from a single Mosasaurus hoffmanni pterygoid. One isolated tooth from the rare 
marine crocodile Bottosaurus harlani was found. However, most reptilian teeth could not 
be identified beyond belonging to crocodilians or mosasaurs.  
Although not the focus of this study, non-vertebrate material will be briefly 
mentioned here. Invertebrates in the Hornerstown Formation are very abundant and 
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primarily preserved as internal molds. The only exceptions are crustaceans and the oyster 
Pycnodonte dissimilaris. The three most common taxa are Cucullaea vulgaris, Turritella 
vertebroides, and P. dissimilaris. Several partial internal molds of the ammonites 
Sphenodiscus lobatus, Pachydiscus sp., and Baculites sp., and the nautiloid 
Eutrephoceras dekayi were also recovered.  Approximately 21 Hoploparia sp. claw 
fragments were also collected. Plant material is not uncommon in the MFL as numerous 
pieces of phosphatized, heavily bored wood varying in length from ~ 1 cm to over 32 cm 
were uncovered during excavation of the bonebed. A number of large (> 1cm) erratic 
clasts were also collected. 
 
1.5.2 Minimum Number of Individuals  
 
Based on partial skeletons and variably sized (= different ontogenetic stages) 
isolated elements, at least nine individuals representing several different chelonian taxa 
are present within the excavation area. Catapleura repanda individuals are most 
common, with one articulated partial skeleton and three disarticulated partial skeletons. 
Two very large peripherals (RU-EFP-20) belong to a large unknown individual, possibly 
C. repanda. There are also at least two Taphrosphys sulcatus individuals, one ?adult 
(RU-EFP-14) and one juvenile (RU-EFP-961). Another very young juvenile turtle, 
possibly C. repanda or “Osteopygis,” is also present based on the presence of a few very 
small costals. One ?juvenile or ?subadult Peritresius sp. (RU-EFP-16) was also found.  
The most common turtle skeletal elements were costals with a total of 112 
complete or incomplete bones found. As the three or four positively identified turtles all 
have a total of 16 costals, a minimum of seven individuals are present. 
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A minimum of five, possibly six, crocodile individuals are also present. The most 
complete individual is that of a Hyposaurus rogersii (RU-EFP-8/NJSM 23368), which 
consists of a nearly complete disarticulated skeleton. The other individuals are 
represented by only a few elements each: a juvenile cf. Thoracosaurus neocesariensis 
(RU-EFP-21), a juvenile cf. Borealosuchus threeensis (RU-EFP-33), and an adult 
indeterminate crocodilian (RU-RFQ-29). One Bottosaurus harlani individual is 
represented by a single tooth (RFQ-RU-70) and a few small, keeled osteoderms may be 
from an individual identified as cf. Procaimanoidea sp. At least one Mosasaurus 
hoffmanni is present based on the presence of a left pterygoid, a few isolated teeth, and 
one or two caudal vertebrae. There is also an MNI of one for an indeterminate avian 
based on a single tarsometatarsus (RU-EFP-88). 
Because most of the bony and cartilaginous fish remains are vertebrae and teeth, it 
was not possible to estimate the number of individuals present. However, based on the 
identifiable remains, there is at least one individual of the following taxa: Acipenser sp. 
(RU-EFP-25), Enchodus ferox, Enchodus gladiolus, Anomoeodus sp., Sphenodus 
lundgreni (RU-EFP-35), Odontaspis cuspidata, Cretolamna appendiculata, Squalicorax 
pristodontus, indeterminate hexanchid, and indeterminate batoid. Concerning 
chimaeroids, 27 mandibular tooth plates were identified giving an MNI of 14 (14 left, 13 
right). Of the 14 individuals, there are three identified as Edaphodon mirificus, one E. 
stenobyrus, one Edaphodon sp., and three Ischyodus dolli. 
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1.5.3 Articulation 
 
 Specimens from the MFL range from isolated (articulation = 4) skeletal elements 
and teeth to articulated partial skeletons (articulation = 1) (Figure 1.4). A majority of the 
specimens collected during the excavation were isolated skeletal elements, although 
several associated and articulated partial skeletons were also found. Isolated elements 
vary in preservation from poorly preserved, crumbly, indeterminate bone fragments to 
well-preserved, unabraded skeletal elements. Some of the isolated bones or bone 
fragments were later found to belong to the same skeleton or skeletal element. For 
example two large partial peripherals, one from grid cell J-3 and the other from M-9, a 
distance apart of ~ 6 m, were found to perfectly articulate with one another. In another 
case, small indeterminate ?jaw fragments that exhibited similar preservational states (e.g. 
color and shape) but were several meters apart were found to be from the same bone and 
could be reassembled. Of the multi-element specimens, approximately seven were 
associated partial skeletons and three were articulated partial skeletons. A description of 
these multi-element specimens is provided below. 
 
1.5.4 Description of multi-Element Specimens: 
 
cf. Peritresius sp. (RU-EFP-16) (Articulation = 1) 
Included elements: 4 neurals, 4 partial costals, 3 ?costal fragments, and an indet. 
carapace bone. 
 RU-EFP-16 is an articulated partial carapace and a few closely associated shell 
elements recovered from cell J-4. The articulated partial shell was ventral side up and 
consists of 4 neurals, 3 partial costals and 2 ?costal fragments. A thick indeterminate 
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carapace bone was found next to the articulated portion with a large Odontaspis 
cuspidata shark tooth just beneath the element. Another partial costal was found nearby 
that articulates with the rest of the partial carapace as was another ?costal fragment but 
this fragment did not definitively articulate with the rest of the specimen.  
A large Peritresius sp. neural was found ~ 9 m away in cell B-7 that exhibited a 
similar preservational state but does not articulate with any of the elements from J-4, 
therefore it is uncertain if this element belongs to this individual or another.  
 None of the articulated elements exhibit any bioerosion or scavenging. Abrasion 
is mostly minor, although some sutures and broken edges are more rounded than others. 
Flaking of the ventral surface is common whereas varying amounts of clay matrix are 
present on the dorsal surfaces of all the elements and on some edges/sutures.  
Catapleura repanda (RU-EFP-4) (Articulation = 1) 
Included elements: maxillae, premaxillae, quadrates, pterygoids, vomer, dentary, 
indeterminate skull elements, 4 neurals, both suprapygals, pygal, 14 costals, 17 
peripherals, scapulae, left coracoid, right humerus, right femur, ?right tibia, left pubis, 
?left ischium, xiphiplastra, indeterminate hyo- and/or hypoplastra elements. 
RU-EFP-4 is one of the most complete Catapleura repanda specimens known, 
represented by an articulated partial carapace, partial plastron, girdle elements, limb 
bones, skull and jaw material. Most of the carapace bones are fractured but complete. 
Costals and plastron bones are fractured transversely, obliquely, and longitudinally. Only 
a few peripherals were fractured transversely or longitudinally. Appendicular elements 
exhibit transverse breaks or fractures. Scores and “pitting” or excavations are present on a 
few shell and appendicular elements. A circular puncture mark penetrates through the 
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edges of two adjacent peripherals and a few shallow, wide scores or grooves are also 
present on the two bones. Abrasion and surface bone flaking are minor. The skeletal 
elements range in color from tan to a dull purple-brown. Interestingly, the cranial 
material tends to be a buff tan to light-brown color whereas the shell and appendicular 
bones are typically a dull brown to dull purple-brown color. However, one peripheral is 
buff-tan and is less well-preserved as it is more crumbly and brittle. 
Catapleura repanda (RU-EFP-17) (Articulation = 2 or 3) 
Included elements: 10+ costals or costal fragments, one neural, and a suprapygal 
 RU-EFP-17 is a disarticulated partial carapace consisting of a neural, three 
complete costals and numerous partial costals. Most of the elements were found in three 
small clusters spread across two square meters. The costals have all been fractured, with 
individual pieces displaced by only a few millimeters up to ~15 cm. In one of the 
clusters, multiple costals or costal fragments were stacked on top of each other. Feeding 
traces are absent on most elements but a few scores including echinoid feeding traces are 
present on a few of the costals. Abrasion is minor or absent on the elements. A few 
shallow pits or excavations are also present. One costal has a large semi-circular chunk of 
bone missing out of its side. The cause of this unusual damage is unknown. 
Catapleura repanda (RU-EFP-18) (Articulation = 2) 
Included elements: nuchal, 6 neurals, 9+ costals, 4 peripherals, several 
indeterminate carapace and plastron elements, and a humerus.  
RU-EFP-18 is a disarticulated partial Catapleura repanda shell along with a 
partial humerus. Carapace elements include 9 – 10 costals or partial costals, the nuchal, 6 
neurals, 4 peripherals, and several indeterminate bone fragments. Another partial 
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peripheral was found in the adjacent cell (L-13) and plastron fragments were found in J-
13. The bones are variably preserved, with the peripherals and neurals being the most 
well-preserved. Most of the costals are incomplete, usually lacking the free rib-end and 
the rib head. The dorsal/external sides of the costals are well-preserved whereas the 
ventral sides exhibit varying degrees of ?bioerosion/corrosion with the cortical bone 
missing and the cancellous bone exposed. The sutures of all the elements are somewhat 
abraded to varying degrees, although some of the damage may have been the result of 
preparation because the bones are fragile. The humerus is incomplete, missing the distal 
half. The break is strongly oblique and somewhat stepped/?spiral and therefore may have 
occurred peri-mortem or before fossilization.  
?Catapleura repanda (RU-EFP-30) (Articulation = 3) 
Included elements: 5 peripherals, 6 costals, 2 neurals, 2 vertebral centra, several  
indeterminate bone fragments and plastra elements (hyo and/or hypo-plastron). 
RU-EFP-30 is composed of several elements of the carapace and plastron. Most 
elements were disarticulated except for two peripherals and the ?right hyoplastron and 
?right hypoplastron which remain articulated. A third peripheral was slightly displaced 
from the two articulated peripherals and a fourth was slightly displaced and flipped over. 
The costals were all ventral side up and two of them overlap one another perpendicularly. 
One neural was ventral side up and the other was dorsal side up. The two articulated 
plastral elements were likely ventral/external side up, although the two surfaces are very 
similar.  
This specimen was collected in an area where heavy machinery had accidently 
dug too deep and exposed parts of the MFL. Therefore, some of the damage (i.e., 
fracturing and disarticulation) may have been due to overburden removal and/or foot 
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traffic around the quarry or from modern plant roots. During preparation, some of the 
bones had tiny roots penetrating the cancellous bone, and there are yellow-orange lines 
on the surface of some elements where the root was in contact with the bones. A few 
bone fragments from the specimen were found in disturbed sediment along with a 
Hyposaurus rogersii caudal centrum (likely belonging to RU-EFP-8/NJSM 23368). 
However, it is clear that the majority of the disarticulation occurred pre-burial and not 
recently as most of the bones were recovered from undisturbed sediment. Preservation 
between elements differs, although nearly all have been fractured. Three of the costals are 
poorly preserved, being heavily bioeroded on the quarry side up surface whereas the 
quarry down side (dorsal/external surface of the bone) exhibits little to no destruction. 
The three other costals exhibit minor bioerosion (pitting) on the quarry down side 
surface, as does one of the peripherals.  
Indeterminate turtle cf. Catapleura repanda (RU-EFP-20) (Articulation = 3) 
Included elements: 2 peripherals 
 Two large partial peripherals were found approximately 6 – 7 m apart that 
perfectly articulate with one another. One peripheral is complete but the other has had the 
?ventral side broken off. Abrasion is minor as the sutures are only slightly rounded. Some 
scoring is present on both bones and invertebrate “excavations” are common. 
 
Taphrosphys sulcatus (RU-EFP-28) (articulation = 3) 
Included elements: suprapygal, left costal #7 and #8, left humerus 
 This specimen consists, in part, of a suprapygal and left costal #7 that were found 
before the current excavation. It was later found that a left costal #8 perfectly articulates 
with the two bones and that all three belong to the same individual. The elements are 
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thick and robust but heavily damaged. Most of the internal and some of the external 
cortices are missing, exposing the cancellous bone. The ventral surfaces appear 
somewhat worn and abraded. The sutures are mostly well-preserved, with some still 
being sharp and completely unabraded, whereas in some other areas the sutures are worn. 
The external surfaces are eroded exposing the porous cancellous bone in some areas. 
Costal 8 still retains a faint surface texture indicating that the specimen is likely a 
Taphrosphys sulcatus.  
A large turtle humerus was found nearby in the same grid cell (B-11) which may 
belong to this individual. However, a slightly smaller humerus was found in A-11 along 
with cranial material and pelvic material. The humeri are both from the same side (left), 
indicating the presence of two separate individuals. 
Taphrosphys sulcatus (RU-EFP-14) (Articulation = 1) 
Included elements: nuchal, first neural, left peripherals #1 and #2, right 
peripherals #1 and #2, left costal #1 and right costal #1. 
RU-EFP-14 consists of the anterior-most portion of the carapace of a 
Taphrosphys sulcatus. The nuchal, first neural, left and right first costals, and the first 
right peripheral were found articulated, ventral side up, in cell H-10. The anterior edge of 
the nuchal had been accidently damaged by a piece of rebar used to demarcate the 
corners of individual grid cells. The right second peripheral was found in the adjacent 
cell, G-11. Two articulated left peripherals (1 and 2) were found ~3 – 4 m away in cell L-
10, dorsal side up. The preservation is the same and the two bones perfectly articulate 
with the nuchal and left costal. Feeding traces are absent from all of the skeletal elements, 
although most of their dorsal surface bone is not preserved. Instead, the bones exhibit a 
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rough, corroded appearance. The bones are all complete except for the costals, which are 
broken transversely or obliquely. Abrasion is minor; the sutures are only slightly 
rounded.  
Several nearby bones may belong to this specimen, but no definitive articulation 
can be made. Three neurals, one found closely associated and the other two 4 – 5 m 
away, are similar in color and preservation to the articulated elements. A large turtle 
scapula and a femur were also found associated with the anterior carapace and may 
belong to this individual.  
Indeterminate chelonian (RU-EFP-27) (Articulation = 3) 
Included elements: left coracoid, hyo- or hypoplastron. 
 The hyo- or hypoplastron and the distal blade of the coracoid are highly fractured 
and the bone is tan, soft and crumbly. The two elements were originally found stacked on 
top of each other. Only minor amounts of bioerosion (scoring and “pitting”) are present 
on the elements. 
Hyposaurus rogersii (RU-EFP-8 and NJSM 23368) (Articulation = 2) 
Included elements: a nearly complete skull and jaw with 29 teeth, proatlas, partial 
atlas, axis, 4 cervical vertebrae, 9 cervical ribs, 13 dorsal vertebrae and 27 ribs, 1 sacral 
vertebrae, 16 caudal vertebrae, 7 chevrons, gastralia fragments, left scapula, both 
coracoids, humeri, radii, ulnae, radials, femora, tibiae, fibulae, calcanei, left astragalus, 
ilia, ischia, pubes, 7 metapodials, 15 phalanges, one ungual, 2 ossified tendons, and 73 
osteoderms.  
  RU-EFP-8 together with NJSM 23368 constitutes a nearly complete skeleton of 
the crocodylomorph dyrosaur Hyposaurus rogersii. The NJSM 23368 portion of the 
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specimen was collected by the NJSM field crew in 2011 from an area under excavation 
by our team. The NJSM excavators, however, did not collect contextual information 
while extracting the portion of this fossil labeled NJSM 23368. Our main excavation grid 
encompasses this area. Our own excavations uncovered several more bones belonging to 
the specimen including several vertebrae, two chevrons, a rib, and ossified tendons. 
Though no field maps or photos of the specimen exist, NJSM 23368 was described as a 
closely associated but disarticulated specimen (Callahan et al., 2015). Overall, the 
specimen is exceptionally well-preserved with no evidence of scavenging except for a 
possible puncture mark on the right dentary (Callahan et al., 2015). Of the 10 elements 
we collected, five exhibit possible scoring and seven exhibit possible tooth punctures, 
pits, or shallow depressions possibly made by invertebrates.  
Two mapped elements belonging to the specimen (RU-EFP-6) were found in cells 
–A-10 and –B-7 indicating that a few elements were scattered about, away from the main 
carcass. A few other Hyposaurus vertebrae were found between 4 – 11 meters away but 
these cannot be definitely attributed to RU-EFP-8/NJSM 23368.  
 
cf. Thoracosaurus neocesariensis (RU-EFP-21) (Articulation = 3) 
Included elements: articulars and left angular 
 RU-EFP-21 is a disarticulated partial jaw of a juvenile crocodilian, likely T. 
neocesariensis. The bones are well-preserved and not abraded. Tiny scores, including 
echinoid feeding traces, are present on all three bones, including the medial surface of the 
angular.  
Indeterminate Crocodilian RU-EFP-29 (Articulation = 3) 
Included elements: left humerus and left tibia 
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 RU-EFP-29 is a large indeterminate crocodilian consisting of two well-preserved 
limb-bones that were approximately one meter apart. The tibia is better preserved than 
the humerus, which exhibits fairly extensive, shallow excavations, especially on the 
quarry up surface. Scores and invertebrate feeding traces are present on the tibia. 
Indeterminate chondrichthyan (RU-EFP-24) (Articulation = 3) 
Included elements: 5 vertebral centra 
 RU-EFP-24 consists of five closely associated shark vertebral centra that were 
found in a 25 cm2 area. The dull purple-brown complete centra (one was broken during 
collection) are well-preserved with minor amounts of clay matrix between the lateral 
struts. The dorsoventral height of the centra are nearly identical (14.35 to 16.81 mm) but 
the anteroposterior length varies from 7.73 mm to 11.16 mm. Four of the centra were face 
up while the fifth was on edge.   
Indeterminate chondrichthyan (RU-EFP-75) (Articulation =1) 
Included elements: 3 vertebral centra 
RU-EFP-75 consists of  three small, articulated shark vertebral centra. Along the 
lateral sides of the centra, there is an unusual bony growth that has led to partial fusion of 
the three centra to one another. The specimen is well-preserved, exhibiting no abrasion. 
Indeterminate Osteichthyes (RU-EFP-74) (Articulation = 1) 
Included elements: 4 vertebral centra 
RU-EFP-74 consists of four fused fish vertebrae with portions of the 
haemal/neural arch still intact. The specimen is moderately abraded, as the broken edges 
are all heavily worn down and rounded, as is one of the centrum faces. Bioerosion is 
extensive, with tiny scores covering nearly the entire fossil. At least some of the feeding 
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traces can be identified as Gnathichnus sp., produced by regular echinoids. There are 
several small holes in the specimen, many of which exhibit Gnathichnus sp. scores 
radiating from them. It is uncertain if the pin-sized holes are borings or vascular 
foramina. 
Indeterminate Osteichthyes (RU-EFP-1594) (Articulation = 3) 
Included elements: 4 vertebral centra 
 This specimen consists of a series of 4 closely associated fish vertebral central 
with portions of the haemal and neural arches still present. The bones are overall well-
preserved, although some of the external bone has flaked off the centrum faces and off of 
some of the centra bodies. Abrasion is minor.  
Acipenser sp. (RU-EFP-25) (Articulation = 2 or 3) 
Included elements: > 100 complete and fragmentary osteoderms 
 RU-EFP-25 is an associated cluster of several dozen Acipenser sp. osteoderms 
and possibly a few cranial elements (Figure 1.4C). Several other isolated or small clusters 
of osteoderms were also found nearby and likely belong to this individual. The sturgeon 
was completely disarticulated with the majority of the osteoderms randomly scattered and 
sometimes imbricated over a small (~1 m2) area. The bones are well-preserved with the 
most common form of damage being the flaking away of outer layers of bone. 
 
1.5.5 Fragmentation 
Over three-quarters (77%) of bones collected from the MFL are fragmented and 
incomplete (Figure 1.5). Fish and shark vertebrae were counted as complete (not 
fractured) if the centrum was complete. Bones exhibiting only slight chipping of edges 
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were also counted as complete. When only marine reptile skeletal elements were 
analyzed, the percentage of complete elements did not change. For turtle material, 
peripherals exhibit the least fragmentation whereas plastron elements exhibit the most. 
Costals and neurals are also more likely to be fragmented than complete. Among the 
eight turtle limb bones found, half are incomplete. Fragmented costals are generally 
missing the rib heads and/or lateral portions. Catapleura repanda costals are usually 
fragmented, with the long free rib-end missing.  
For the most part, teeth fall approximately equally into each of the five 
completeness categories (Figure 1.5). Only 19 % of the teeth are complete, though 
another 16% are only missing minor potions of the root. The most frequent (29%) 
damage to teeth is the loss of the entire root. 
  
1.5.6 Bone size 
 A majority of the individual bones and bone fragments recovered from the MFL 
are small with 79% being less than 5 cm in maximum linear dimension (Figure 1.6). The 
skew towards small elements is primarily due to the high number of fish elements, 
including vertebral centra and fin spines, as well as bone fragments from marine reptiles. 
The largest elements are turtle costals, plastral bones, limb bones, girdle elements, jaw 
bones, and crocodile and mosasaur vertebrae. Based on the bonebed classification 
scheme of Eberth et al. (2007), the MFL would be considered a microfossil site because 
more than 75% of the individual bones and bone fragments are less than 5 cm in length. 
Differences in collecting strategy (collecting or ignoring microvertebrate fossils) and 
counting articulated elements as a single measurement (instead of measuring each 
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individual bone) could be expected to change this percentage enough (<75%) so that the 
MFL could also be considered a mixed bonebed. 
 
1.5.7 Abrasion 
Most vertebrate elements display minimal or no abrasion (stages 0 -1; Figures 1.2, 
1.7). Osteichthyan material is usually unabraded, especially tiny beryciform fin spines, 
which are pristine and usually retain fine serrations on the posterior edge. The most 
highly abraded elements are indeterminate crocodilian and turtle bone fragments and 
crocodilian and fish vertebrae in addition to a couple of cf. Enchodus jaw fragments. The 
most common abrasion is minor to somewhat moderate rounding of broken edges and 
sutures. No heavily abraded and rounded bone pebbles were encountered. Suture abrasion 
levels typically range from 0 to 2 using the scale of Brand et al. (2000), with only a few 
specimens exhibiting sutures completely worn down. Abrasion levels vary between 
elements of the same skeleton and between different areas of a single bone. For some 
elements, fossil preparation may have slightly enhanced the appearance of abrasion if the 
bone edges were fragile or brittle cancellous bone was exposed. Teeth also display little 
evidence of extensive abrasion. Of the 1442 teeth examined, 69% are unabraded and only 
~2% are moderately or highly worn.  
 
1.5.8 Surface Cracking 
 Pre-burial surface cracking of bone was recognized by the presence of clay within 
the crevice and/or by minor abrasion of the edges of the crack (Figure 1.8). Out of a 
sample size of 1385 bones, only 53 bones (3.8%) exhibited surface cracking that likely 
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occurred before final burial. Cracking was most common on indeterminate bone 
fragments, along the rims and struts of shark and fish centra, and on several elements of 
RU-EFP-8, an associated, nearly complete Hyposaurus rogersii. Most of the examined 
bones (81.5%) displayed no cracking. The remaining 14.7% of bones displayed surface 
cracks that can be attributed to either crushing/compaction by overlying sediment or the 
result of physical excavation, drying, and/or preparation. Excavation and transport 
typically resulted in fresh cracks and breaks in the bone as the unconsolidated sediment 
shifted.  
 Surface cracking is more prevalent among teeth. Of 1432 teeth analyzed, 38.3% 
exhibit longitudinal cracking of the enamel, ranging from very faint hair-line cracks to 
very deep cracks penetrating into the dentin. No surface cracking was observed in 55.2 % 
of teeth, whereas the remaining teeth (6.5 %) did not exhibit cracking, but these were 
primarily tooth shards and slivers of enamel. Whether the cracking seen in teeth and 
bones is the result of a similar process is unknown. 
 
1.5.9 Matrix 
 Adhering matrix is rare. Of a total of 1628 shark teeth examined, only 42 (2.6 %) 
exhibit minor amounts of clay on the roots or proximal end of the crown. Small pyrite 
crystals are more common (n = 139; 8.5 %), which were present on both the crowns and 
roots. Matrix is present on both complete and incomplete teeth as well as abraded and 
unabraded teeth. 
Observation of broken or thin-sectioned bones reveals varying degrees of 
sediment and mineral infill of the medullary cavity or cancellous bone (e.g., Figure 1.9). 
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A tan or light brown clay was seen in many, but not all, elements. Infilling also varies 
between elements and between portions of the same bone. Trabecular spaces may be 
entirely filled with sediment or mineral or completely empty. Within the same bone, 
infilling may be nearly complete in some areas but incomplete in others. In an 
indeterminate turtle humerus (RU-EFP-1031), the cancellous bone of the distal end is 
almost entirely filled, except for the outermost 1 – 2 mm, where the trabecular spaces are 
empty. Proximally, clay infilling is less intense. Glauconite grains were also observed in 
some specimens, but they are not as common as the clay matrix. Pyrite was not 
uncommon and was observed lining the walls of some trabecular spaces. However, 
extensive mineral growth in voids within the bone (e.g., vascular spaces) is not present 
indicating minimal permineralization has occurred. The bones are also less dense than the 
more heavily permineralized bones from the Navesink Fm., indicating a lower degree of 
permineralization. 
 
1.5.10 Bioerosion 
Bioerosion in the form of scores, punctures, and pitting/borings is a common 
taphonomic feature present in the bonebed, affecting 33% of bones. Scoring (Figure 1.10) 
occurs on ~21% of fossils but may be present on as much as ~30%. Definitive tooth 
punctures are rare, appearing on less than 1% of the fossils examined. Pitting and borings 
are also fairly common, affecting ~17% of fossils. Most of the scores could not be 
assigned to any specific producer as they could have been produced by any number of 
predators and scavengers. Scoring by certain invertebrates is more diagnostic and can be 
assigned to an ichnogenus and to potential producers. On many of the bones there are 5+ 
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short scores radiating from a central point. In most cases, these short striations radiate 
from the postmortem “pits” or excavations present on many of the bones (Figure 1.11). 
These radiating scores can be assigned to the ichnotaxon Gnathichnus pentax or 
Gnathichnus sp., a feeding trace produced by echinoids (Bromley, 1975). Whereas 
echinoid body fossils have been found in the underlying Navesink Fm., none have been 
reported from the MFL of the Hornerstown Fm. (e.g., Gallagher, 2003). Therefore, the 
only evidence of echinoids in the MFL is in the form of feeding traces and fecal pellets, 
which are present in the sediment and adhered to some bone surfaces.  
Puncture marks are rare, with only two definitive occurrences, both on turtle 
carapace elements. An isolated partial turtle costal (RU-RFQ-616), possibly pertaining to 
Catapleura repanda or Bothremys sp. exhibits 2 – 3 deep punctures that penetrate into 
the cancellous bone (Figure 1.12A, B). The largest puncture penetrates the bone at a 
shallow angle with respect to the surface.  The element also exhibits several shallower 
pits and deeper, curved scores. Of the osteichthyan and chondrichthyan fishes known 
from the MFL (see Gallagher, 2003), the best candidate for the producer is Cretolamna 
appendiculata. Comparison of teeth from the Rowan Paleontology Collection with the 
size and shape of the punctures supports this conclusion because only C. appendiculata 
teeth fit within the largest puncture. It is uncertain if the same individual also produced 
the pits and scores, or if they were produced by another shark or another scavenger. The 
second set of shark tooth punctures occurs on the ventral right side of an indeterminate 
turtle (?Catapleura repanda) nuchal (RU-RFQ-19). Here there are 2 – 3 curved rows of 
tooth marks in addition to several score marks (Figure 1.12C-E). The outermost bone 
next to many of the puncture marks is missing indicating that the teeth were dragged 
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along the bone surface a few millimeters before penetrating deeper. The rows of tooth 
marks are approximately the same size and orientation suggesting that the same 
individual produced them. Two bones, a costal free rib-end and an indeterminate bone 
fragment, exhibit ~ 8 very short, slightly ovoid scores that are closely spaced (Figure 
1.13A). The size and spacing of these scores is consistent with the individual cusps of 
hexanchid shark teeth, of which two have been collected from the MFL (Figure 1.13B). 
Two other Catapleura repanda turtle shell bones also exhibit unusual circular 
punctures that penetrate the entire bone. One spans the last two peripherals on the left 
side of RU-EFP-4 (Figure 1.14). In addition to this puncture, there are a few wide, 
shallow pits and two wide, faint scores that are very similar to crocodilian bite marks on 
fossil turtle material (Noto et al., 2012). The second instance is a large crescent-shaped 
area of missing bone on the edge of a C. repanda costal (RU-EFP-17). The cause of this 
damage is unknown.  
 Besides scores, the most common forms of bioerosion are borings and 
excavations present on at least 16% of bones. These excavations can be present on any 
bone surface and may be isolated or extensively distributed on a single element. In many 
instances, these excavations are surrounded by tiny scores attributable to the ichnongenus 
Gnathichnus sp. (Figure 1.11). 
 
1.5.11 Color 
 The majority of the fossils collected from the MFL, and the Hornerstown Fm. in 
general, are a buff tan color (e.g., Figure 1.5D). Fewer specimens are dark brown, purple-
brown, or a dull blue-gray color (e.g., Figure 1.13A). Shark teeth are typically silver-gray 
to dark-gray in color with buff-tan to light-brown roots. Fish teeth are usually black. 
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Color may vary between bones of the same skeleton or on different areas of the same 
bone. This color variation is apparent in many of the turtle specimens and RU-EFP-8 
(Hyposaurus rogersii). In the case of RU-EFP-2, a nearly complete Taphrosphys sulcatus 
shell, the dorsal surface of the carapace is a buff-tan color whereas the ventral surface is a 
mostly a purple-brown color. The plastron is tan on both ventral and dorsal surfaces. 
Among the Hyposaurus skeletal elements, some are tan while others are a dull, grayish-
brown color. Still others are dark brown.  
 
1.5.12 Microstructural Preservation 
 Nearly all thin-sectioned specimens exhibit some degree of degradation of the 
bone microstructure. Typically, the microstructure in the outermost section (~ 50 - 500 
µm) of bone has been completely obliterated whereas the interior bone is exceptionally 
well-preserved (Figure 1.15A; also see Chapter 4); however in a few samples, the entire 
bone has been altered. This altered layer has a ‘globular’ or grainy appearance in thin-
section, and only the remnants of a few primary osteons or primary vascular canals are 
identifiable. Under cross-polars, this layer shows little to no birefringence indicating that 
the orientation of the apatite crystals has been changed. There does not seem to be any 
correlation with bone type or cortical thickness and the degree of alteration; thin, porous 
bone may be highly altered whereas skeletal elements with a thick, solid cortex (e.g. 
crocodile limb bones) only exhibit a thin altered layer and vice versa. For instance, the 
thick cortex of RU-EFP-29, an indeterminate crocodilian tibia is almost completely 
altered (Figure 1.15C) whereas the thin-walled, somewhat porous rib-end of RU-EFP-17, 
a Catapleura repanda costal, is well preserved (Figure 1.15B). However, this altered 
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layer almost always corresponds to the buff-tan colored portions of bone whereas darker 
colored bones exhibit well-preserved bone microstructure.  
 
1.5.13 Microbial Invasion 
In many samples, there was clear evidence of microbial invasion, primarily in the 
form of Wedl tunnels. In several shell elements of Catapleura repanda (RU-EFP-18), 
there are tunnels towards the outer zone of the internal and external cortices (Figure 
1.16). The diameter of these tunnels is typically 4 – 5 µm but some tunnels approach 10 
µm in width. Due to the highly altered nature of the outermost cortex, evidence of 
microbial invasion can only be seen when the tunnels extend into the unaltered, well 
preserved bone. In a transverse (mediolateral) thin-section of a costal, there are Wedl 
tunnels in the internal cortex. In some areas of the exposed cancellous bone of a plastron 
element, tunnels ~5 – 6 µm in diameter extend from both the outer/exposed surface and 
from the center of osteons. Some of the Wedl tunnels cut across the lamellae that line the 
trabecular spaces. Wedl tunneling is also present in the outer cortex of a femur and 
osteoderm from a marine crocodile, Thoracosaurus neocesariensis (RU-EFP-6), 
collected in 2011 for molecular analyses. 
 
1.5.14 Mineralogy 
 X-ray diffraction analyses of several fossils from the MFL identified that bones, 
coprolites, and wood are all preserved as fluorapatite (Figure 1.17) indicating that the 
fecal and plant material was phosphatized. 
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1.6 Discussion 
 Sharks and bony fish are the most common fossil remains in the MFL, which is 
unsurprising given that this is a marine setting. Chelonians are by far the most abundant 
marine reptiles in the MFL followed by crocodiles and mosasaurs. The relative 
proportions of each major taxonomic group (e.g., chondrichthyans and chelonians) are in 
agreement with previous reports. Gallagher’s (1993) overview of the taphonomy of the 
MFL noted that chondrichthyan fossils are the most common followed by turtle and 
crocodilian fossils, respectively. The same results were found here, although bony fish 
were included in the current study. White (1972) also noted that turtle fossils are 
relatively common and complete at this site, which in turn indicates that they frequented 
the depositional environment. 
Gallagher (2015) recognized three taphonomic modes for Cretaceous and 
Paleogene deposits in New Jersey: 1) one or two isolated elements; 2) associated or 
articulated partial skeletons; and 3) concentrations of highly abraded single elements. A 
number of multi-element skeletons (mode 2) have been recovered from the MFL (e.g., 
Gallagher 1993; 2015). Extensive excavation of a large area (>150 m) reveals that 
specimen articulation and completeness ranges from isolated bones (artic. = 4) to 
disarticulated (articulation = 2 or 3) or articulated (articulation = 1) partial skeletons 
using the articulation scale of Boessenecker et al. (2014). Multi-element specimens 
display three main trends: 1) articulated specimens are confined to a relatively small area; 
2) disarticulated partial or nearly complete specimens may be confined to a small area 
(e.g., RU-EFP-8/NJSM 23368) or spread over a few meters in isolated clusters (e.g., RU-
EFP-17); and 3) individual bones from the same individual can be separated by several 
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meters (e.g., RU-EFP-20). Most specimens occur as single isolated skeletal elements 
(articulation = 4), although it is possible that some presumably separate isolated fossils 
actually belong to the same individual. Most of the articulated individuals are sea turtles, 
more specifically, articulated partial shells with occasional associated cranial and 
appendicular elements. The extensive suturing and connection between shell elements 
may account for this bias towards shells being the most common articulated specimens. 
Marine crocodiles are commonly found as associated remains consisting of anywhere 
from of a few bones to nearly complete skeletons. Mosasaurs and fish are commonly only 
found as isolated elements. Skeletal elements were almost always oriented in a 
horizontal, stable position. The only (somewhat) vertically oriented elements were a 
single mosasaur tooth crown and a few shark and fish vertebral centra. The horizontal 
and stable nature of the bones indicates that the sea-floor was likely relatively flat and 
firm; if the seafloor were soft and soupy, it would be expected that at least some 
vertically oriented bones and/or carcasses, similar to the ichthyosaur specimens reported 
by Wetzel and Reisdorf (2007) and Martill (1987), would be found. 
 
1.6.1 Turtles 
 Shell elements, dentaries, pectoral girdle elements, and upper limb bones are the 
most commonly encountered turtle skeletal elements in the MFL, whereas skulls, lower 
limb bones, cervicals, and caudal vertebrae are rare. Those more rare parts of the skeleton 
disarticulate from the body early in the decay process of turtles both in aquatic and 
terrestrial environments, whereas shells remain intact for much longer (Brand et al., 
2003). Predators and scavengers may also preferentially consume these unprotected areas 
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of the body. Girdle elements, humeri, and femora may be protected to some degree by the 
shell. Brand et al. (2000) reported numerous articulated, and few disarticulated, turtle 
shells with few limb bones and no skulls in lacustrine and fluvial deposits of the Middle 
Eocene Bridger Formation in Wyoming. These bonebeds were interpreted as mass 
mortalities, linked to volcanism, in which the turtle carcasses were exposed long enough 
for the heads and limbs to be removed but not long enough for the shells to disarticulate 
(Brand et al., 2000).   
Brand et al. (2003) found that in saltwater, red-eared slider carcasses will float for 
2 – 10 weeks, reaching decay and nearly complete disarticulation within ~ 20 weeks. 
Red-eared sliders are semi-aquatic turtles (Scheyer, 2012) and the individuals used in that 
study (Brand et al., 2003) were fairly small with thin shell bones. It would be expected 
that body size, shell thickness, and how strongly sutured the shell elements are to one 
another would affect the rate of disarticulation of the carapace and plastron. Eight turtle 
taxa exhibiting very different shell morphologies are present within the MFL. For 
example, the shell of Taphrosphys sulcatus is fairly thick and the individual elements are 
strongly sutured to each other, whereas Catapleura repanda has much thinner shell 
bones, fontanelles in both the carapace and plastron, and no bony contact between the 
carapace and plastron (Parris et al., 1986). Such differences would be expected to 
influence how quickly the shell would disarticulate, but no studies have been conducted 
to date to confirm this hypothesis. However, disarticulation of turtle shells occurs rather 
quickly in freshwater and marine environments (Meyer, 1991; Brand et al., 2003), so the 
presence of several articulated (though dorsoventrally collapsed) turtle shells in the MFL 
suggests that these specimens had to reach the seafloor soon after death and be protected 
43	  
	  
from large scavengers and other processes that would lead to disarticulation and transport 
of elements.  
In several instances, skeletal elements, especially turtle shell bones, are stacked on 
top of each other, usually in small clusters (e.g., RU-EFP-17). Shingling and 
concentrating of turtle elements has been noted for other turtle specimens, including 
NJSM 11051 Peritresius ornatus (Baird, 1964) and may be the result of scavenging 
and/or minor current action (Gallagher, 1993; Parham, 2005). 
 
1.6.2 Crocodiles 
 Only a few crocodilian fossils were found during excavation of the mapped area: 
two angulars and an articular belonging to a juvenile crocodile (RU-EFP-21), a humerus 
and tibia from another individual (RU-EFP-29), a Bottosaurus harlani tooth (RU-EFP-
70), a sacral, and a few indeterminate ?jaw bone fragments. However, a nearly complete 
but disarticulated Hyposaurus rogersii (RU-EFP-8/NJSM 23368) was excavated in 2011 
from what was then the edge of the current, expanded quarry. A few skeletal elements 
(e.g., vertebrae, a rib, chevrons, and ossified tendons) located close by were collected by 
our group and likely belong to this individual. Another disarticulated partial skeleton of a 
juvenile Thoracosaurus neocesariensis (RU-EFP-21) consisting of a nearly complete 
lower jaw, several vertebrae and osteoderms, a femur, and a tibia was also collected in 
2011, prior to the current excavation project. Recently, a disarticulated partial skull and 
(potentially) lower jaw was excavated from the MFL. Several other nearly complete 
crocodilians are in collections at the New Jersey State Museum. The disarticulated but 
mostly complete nature of many crocodilian specimens suggests that they experienced a 
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bloat-and-float stage before sinking back to the seafloor and becoming partially 
disarticulated upon contact with the substrate. Further disarticulation would result from 
scavenging and bioturbation and, possibly, weak bottom currents; however the lack of 
any bedding structures (e.g., ripples) and or trend and plunge measurements for bones 
does not currently indicate whether any bottom currents were present. 
 
1.6.3 Mosasaurs 
During our current (and ongoing) excavation, only two definitive mosasaur fossils 
were found: 1) a right Mosasaurus hoffmanni pterygoid with nine unerupted and erupted 
teeth, and; 2) a large isolated tooth crown and partial root. Two moderately abraded 
?mosasaur centra were also recovered. The pterygoid was somewhat crushed with 
slightly abraded breaks and a heavily bioeroded quarry up surface. The crowns of all but 
one of the erupted teeth have been broken off. Two of the crowns were only displaced a 
few millimeters away from their respective roots. Another crown was also found several 
centimeters away oriented vertically in the sediment. All of the displaced crowns could 
be reattached to the pterygoid. The root of the large isolated tooth (found ~9 m away) is 
also abraded and bioeroded, however, the serrations of the carinae are still present. All 
mosasaur material collected in the present study falls within articulation category 4. This 
is consistent with most of the previously reported mosasaur material from the MFL and 
from many other sites and formations (Gallagher, 2005; Gallagher, 2015). However, at 
least one partial skull (YPM 773) and a few multi-element specimens have been 
recovered from the MFL (Gallagher, 2015).  
 
 
45	  
	  
1.6.4 Fishes 
Bony fish material consists of vertebrae, fin spines, isolated teeth, and partial jaw 
fragments. Chondrichthyan material includes vertebral centra, calcified cartilage, teeth, 
fin spines, and ratfish jaw elements. Fish fossils are very abundant but are almost always 
found as isolated skeletal elements. Within the current excavation area, only three 
definitive associated partial fish remains were found: two sets of a few closely associated 
osteichthyan vertebrae, four associated shark vertebrae, and a large cluster of sturgeon 
osteoderms. At least one shark skeleton (NJSM 21876) consisting of at least 45 very 
closely associated or articulated vertebrae was found in 2008 and described by Egerton et 
al. (2008). Some centra were oriented horizontally (centrum face up) while others were 
slightly inclined or completely on edge. A Cucullaea-Turritella assemblage and a few 
elements from an indeterminate crocodilian were also associated with the specimen 
(Egerton et al., 2008).  
 
1.6.5 Abrasion 
 Among the fossils from the MFL, there is a fine gradation in the degree of 
abrasion making it difficult to assign some bones to a specific category. Overall, abrasion 
is generally minimal or non-existent (Stages 0 or 1), with only a few highly abraded 
elements present. Among Stage 1 fossils, rounding of broken edges and sutures ranges 
from very minor to slight. Fossils exhibiting Stage 2 abrasion exhibit well-rounded 
breaks and sutures. In some cases, the sutures have been completely worn down, but 
surface ornamentation may still remain.   
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The high number of articulated and closely associated specimens combined with general 
lack of extensive abrasion indicates that a majority of the fossils were not reworked from 
the underlying Navesink Formation and/or were not transported along the sea floor for 
any considerable distance. Pervasive bioturbation by burrowing organisms would no 
doubt lead to some reworking of at least smaller skeletal elements and teeth, although 
younger fossils could also be transported downwards as burrow infill. The few more 
highly abraded bones and teeth could represent reworked fossils or they could have 
experienced much higher rates of bioerosion, which can produce abrasion-type textures 
resembling those from mechanical transportation (e.g., Davis, 1997). 
Only 3.8% of recovered bones exhibit surface cracking that did not occur during 
or after excavation and that cannot be attributed to sediment compaction. While rare, 
cracking most commonly affected indeterminate bone fragments, shark and fish 
vertebrae, turtle shell bones, and several skeletal elements belonging to a marine 
crocodile (RU-EFP-8/NJSM 23368). Only one of these elements (an indeterminate 
?crocodilian bone fragment) was more highly abraded than the majority of fossils from 
the MFL. The presence of surface cracks on both isolated bone fragments as well as well 
preserved bones from associated, nearly complete specimens is intriguing, but the 
significance, if any, remains unknown. Many (38%) of the teeth display some degree of 
cracking of the enamel. Whether this cracking is related to weathering or abrasion is 
uncertain. Becker and Chamberlain (2012) found that abrasion results in polish and wear 
of shark teeth and that chipping, cracking, and splintering of teeth is the result of feeding-
related damage; in contrast Irmis and Elliott (2006) documented minor enamel cracking 
in their actualistic experiment. In a comprehensive taphonomic study of marine vertebrate 
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fossils from the Miocene-Pliocene Purisima Formation, Boessenecker et al. (2014) noted 
that only 2.3% of the fossils examined exhibited mosaic surface cracking. In terrestrial 
environments, weathering results primarily from fluctuations in moisture and 
temperature, though chemical and biological activity may also play a role 
(Behrensmeyer, 1978). While subaqueous weathering of fossils is known to occur (see 
Boessenecker, 2011), the mechanism(s) responsible for weathering in aquatic settings 
remain unknown and may not be analogous to terrestrial processes. It is also possible that 
at least some of the surface cracking seen in marine fossils may not be related to 
weathering processes (Boessenecker, 2011). 
 
1.6.6 Bioerosion 
Bioerosion is a common taphonomic feature present in some form on ~33% of 
bones and its presence was even noted by early authors who described it as a “corroded 
and worm-eaten appearance” on some fossils (Dekay, 1828, p. 161). Scores and 
punctures indicate predation or scavenging by various organisms including fish, sharks, 
and invertebrates. An invertebrate feeding trace, Gnathichnus sp. was identified on many 
of the bones. These traces were probably produced by regular echinoids and gastropods, 
respectively, feeding on algae and sponges growing on the skeletal elements. 
Gnathichnus traces have been noted on invertebrate shells and hardground lithic 
substrates (Bromley 1975; de Gibert et al., 2004), Jurassic sea turtle shells (Reolid et al., 
2015), and Miocene penguin bones (Cione et al., 2010). Radulichnus feeding traces have 
been previously reported on rocky hardground substrates (de Gibert et al., 2004) as well 
as Cretaceous mosasaur bones and shark tooth roots (Jagt, 2003).  
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Only a few instances of definitive shark feeding traces were observed on bones 
collected from the MFL. An isolated partial turtle costal, possibly from Catapleura 
repanda or cf. Bothremys sp. exhibit bite marks likely produced by Cretolamna 
appendiculata. Hexanchid bite marks are present on two turtle bone fragments. A turtle 
nuchal also exhibits a few bite marks produced by an unidentified shark. Only two other 
instances of shark predation or scavenging have been described from MFL material. 
Schein et al. (2012) reported a hadrosaur femur (NJSM 22688) from the MFL with 
numerous shark tooth score marks that were likely produced by Cretolamna 
appendiculata or perhaps Odontaspis cuspidata. Boles and Lacovara (2013) described 
Squalicorax bite marks on a Thoracosaurus neocesariensis (ANSP 17298) vertebra in 
collections at the Academy of Natural Sciences of Drexel University. Placement of one 
set of tooth marks on the ventral surface of the vertebrae suggests that the Squalicorax 
individual was scavenging the crocodile carcass. 
Extant sharks including the great white Carcharodon carcharias, are known to 
prey upon sea turtles, but may also “grab-release” turtles in a non-predatory manner 
(Fergusson et al., 2000). The lack of healing and the variety of tooth marks suggests that 
this interaction between the shark(s) and turtle was either a successful predation or 
scavenging rather than “grab-release”.  
The puncture/hole and shallow, broad scores on the left posterior peripherals of 
RU—EFP-4 (Figure 1.13) may also constitute evidence of predation or scavenging. The 
scores are very similar to reported crocodilian bite marks on fossil turtle material (e.g., 
Noto et al., 2012). If the markings do represent bite marks, then the most likely producers 
are the rare crocodile Bottosaurus harlani or a mosasaur.  
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Interestingly, a number of shark and fish teeth also exhibit tiny boreholes near the 
root-crown contact, and a mosasaur tooth (RU-EFP-650) exhibits extensive borings in the 
dentin. Macroscopically, the borings are similar to Osedax borings in Oligocene whale 
teeth described by Kiel et al. (2013). However, as Osedax borings are identified based on 
borehole size and chamber morphology, x-ray micro-computed tomography (micro-CT) 
scans of these elements are needed to identify the producer.   
 
1.6.7 Bone Microstructure Destruction 
 The cause(s) of bone microstructure destruction in the outermost cortices of a 
majority of bones from the MFL cannot yet be completely identified (see also Chapter 2). 
Certainly, microbial degradation is responsible for some of the degradation, as evidenced 
by the presence of Wedl tunnels extending from the altered bone layer into the underlying 
well-preserved bone in several thin-sections. Indeed, the appearance of the altered layer is 
very similar to published descriptions of microbially damaged bone microstructure (e.g., 
Astibia et al., 2005; Kiel, 2008; Fernández-Jalvo et al., 2010). Thin-sections of multiple 
specimens confirm that the buff-tan colored areas of bone negatively correspond to the 
preservation of bone microstructure. As many fossils are entirely this color, there are 
likely other factors influencing the loss of the bone microstructure. Another possible 
contributor to the degradation of the fossil bone here is groundwater. Groundwater in the 
New Jersey Coastal Plain is acidic (pH = 4.5), which can lead to leaching and dissolution 
of certain minerals including calcium carbonate and apatite, the mineral constituent of 
bone (e.g., High et al., 2015).  
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1.6.8  Evaluation of Taphonomic Interpretations of the MFL 
The Main Fossiliferous Layer of the Hornerstown Formation has a complex 
taphonomic history as illustrated by the wide variety of preservational states of different 
specimens. The spectrum ranges from poorly-preserved isolated bone fragments to 
articulated partial skeletons and even an exceptionally well-preserved three-dimensional, 
partial fish. Some studies (Minard et al., 1969; Landman et al., 2004), especially earlier 
ones, have favored reworking to explain the formation of the MFL. More recently, the 
MFL has been proposed to represent a time-averaged accumulation (Kennedy and 
Cobban, 1996; Schein et al., 2008) or a mass-death death assemblage (Gallagher, 2003; 
Obasi et al., 2011). Below I review these hypotheses in light of the new data presented 
herein and in previous studies. 
 
1.6.9 The MFL as a Reworked Fossil Assemblage 
 Reworked fossils are typically abraded and isolated bones (e.g., Kidwell, 1986; 
Wood et al., 1988). While many of the fossils excavated from the MFL are isolated 
(articulation = 4) elements, abrasion is typically minimal. Articulated partial skeletons, 
usually turtle shells, as well as associated partial skeletons are quite common. Within an 
area of ~ 150 m2, we uncovered one articulated Catapleura repanda partial shell with 
appendicular and cranial elements, an articulated partial Taphrosphys sulcatus carapace, 
and an articulated partial Peritresius sp. carapace. A number of associated specimens 
were also found including three partial shells of C. repanda, a collection of several dozen 
osteoderms of the sturgeon Acipenser, portions of the lower jaw of an indeterminate 
crocodilian (Hyposaurus or Thoracosaurus), and a nearly complete Hyposaurus rogersii 
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skeleton. Several other nearly complete or complete turtle shells and nearly complete 
crocodilians have also been recovered by us, the Academy of Natural Sciences, and the 
New Jersey State Museum, in recent years. Additionally, three or four three-
dimensionally preserved partial fish skeletons have also been recovered from the MFL. 
These specimens consist of articulated vertebrae and ribs with dozens of scales in life-
position on both sides of the fish (Schein et a., 2008). Such specimens must have been 
buried or otherwise protected from scavenging shortly after death. The high number of 
articulated and associated skeletons, including fish and a bird wing (Hope and Parris, 
2002), along with a low degree of abrasion on most elements does not support the 
hypothesis that the bonebed was formed as a result of reworking. Fossils from the MFL 
also have different REE profiles than fossil material from the underlying Navesink and 
from the upper Hornerstown formations indicating a unique depositional environment for 
the MFL fossils that argues against reworking, even of mosasaur material (Staron et al., 
2001). However, it is also possible that the uniform signal from the MFL fossils is the 
product of late diagenetic overprinting of the early diagenetic REE pattern (e.g., Kocsis et 
al., 2010). 
 
1.6.10 The MFL as a Time-Averaged Accumulation 
 Many of the fossils preserved in the bonebed (e.g. turtle shell bones, limb 
elements, teeth) are fairly robust elements, which would be more resistant to degradation. 
Most of the fossils in the MFL are also preserved as individual elements, and associated 
skeletons are more common than articulated ones. This is consistent with the 
hypothesized “bloat and float” origin of most of the vertebrate remains (Schäfer, 1972) 
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and also with penecontemporaneous decay processes, outlined by Syme and Salisbury 
(2014). Disarticulation by macro-scavengers is an alternative hypothesis, however, the 
paucity of macro-scavenging marks on MFL fossil bones makes this explanation seem 
implausible. 
Bioerosion is also fairly common, being present on ~ 33% of fossil elements 
examined. Approximately 16% of fossils had some degree of “pitting” or excavations. A 
number of different boring or bioeroding organisms could have produced these 
“cavities,” including sponges (e.g. Bromley, 1975), Osedax (bone-eating) worms (Higgs 
et al., 2012; Danise and Higgs, 2015), and barnacles (Boles, pers. obs. 2016). With 
regards to sponge and Osedax borings, the “pits” would form after collapse of the surface 
bone. Regardless of the producer, the presence of bioerosion, which may be extensive on 
some elements (such as the plastron of RU-EFP-2) indicates that the bones were exposed 
on the seafloor for some extended period of time (e.g., Astibia et al., 2005).  
Several lines of evidence indicate a slow rate of deposition. Bioturbation is 
extensive (ichnofabric = 4 or 5) with a well-developed Thalassinoides burrow system, 
which has destroyed any bedding planes that may have been present (Wiest et al., 2015). 
Abundance of mature glauconite indicates that the rate of sedimentation was low (e.g., 
Cloud 1955; Odin and Fullagar, 1988; Obasi et al., 2011), which could allow for an 
accumulation of skeletons over time (e.g., Kidwell, 1989). However, this would only be 
the case if the Hornerstown glauconite were of authigenic origin. A diagenetic origin for 
the glauconite is also plausible.   
Obasi et al. (2011) suppose that the glauconite shows an increasing maturity from 
the Navesink Formation up through the MFL and into the upper Hornerstown Formation, 
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indicating either constant or decreasing rates of sedimentation but no depositional hiatus. 
As the bonebed is restricted to a short stratigraphic interval and fossils are rare within the 
1 – 2 meters above and below the MFL, slowing sedimentation rates may be responsible 
for the glauconite formation and maturity, but not for the accumulation of the MFL 
(Obasi et al., 2011), otherwise, fossils would be more common in the Navesink-MFL-
Hornerstown interval and not restricted to the MFL. Additionally, we might expect to see 
an increase in the number of fossils higher up in the Hornerstown Formation, assuming a 
decrease in the rate of sedimentation. The presence of articulated and associated 
skeletons both favors and disfavors the time-averaging hypothesis, or at least complicates 
estimates of how long the bonebed took to form (e.g., Obasi et al., 2011).  
While many larger elements, such as turtle costals, are preserved in the MFL, 
preservation of delicate specimens including an articulated partial bird wing (Hope and 
Parris, 2002) and several three-dimensional partial fish would not likely occur without 
rapid burial or protection from scavengers. White (1972) also noted the relative 
completeness of fossil specimens recovered from the site and suggested that it argues for 
a higher rate of deposition than is indicated by many other pieces of evidence.  
 
1.6.11 The MFL as a Mass-Death Assemblage 
Based on all available data, the best-supported hypothesis for the genesis of the 
MFL is the mass-death hypothesis proposed by Gallagher (2003) and Obasi et al. (2011). 
Reworking as the main mechanism is rejected based on the high number of articulated 
and associated skeletons, including three-dimensional fish and an articulated partial bird 
wing (Hope and Parris, 2002).  
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Obasi et al. (2011) found an increase in the maturity of glauconite across the 
Navesink-MFL-Hornerstown interval indicating that the rate of sedimentation was 
decreasing but still essentially constant. However, the literature on glauconite 
Sedimentology is scant and it is clear that much more work is necessary to understand 
glauconite formation, both as an authigenic process and a diagenetic process. What is 
clear, is that there is no apparent hiatus in sedimentation across the MFL (Obasi et al., 
2011), and that the MFL appears to be the product of a relatively sudden influx of 
vertebrate material at a higher rate than the background rate of fossil deposition. Thus the 
bonebed is consistent with a mass-death assemblage with an attritional overprinting (e.g., 
Rogers and Kidwell, 2007).  
Mass-death assemblages are typically formed when multiple animals die over a 
very short period of time, typically, as the result of some abrupt, catastrophic event, such 
as a flood (e.g., Ryan et al., 2001) or volcanic eruption (e.g., Tucker et al., 2014). Mass-
death assemblages may also form over a spans of days, weeks, or months, or longer 
periods of time due to prolonged stresses such as drought (Haynes 1988; Gates, 2005). In 
the case of the MFL, it has been proposed that the formation of the bonebed may be a 
result of the bolide impact that marked the end of the Cretaceous (Gallagher, 1992, 2003; 
Obasi et al., 2011). In this scenario, organisms would have died over a prolonged period 
of time because of a collapse of the food chain and other major environmental 
disturbances (Gallagher, 2002, 2003). Impact indicators including an iridium (Ir) 
anomaly, shocked quartz, and spherules have previously been reported from the Rowan 
Fossil Quarry and from other sites in New Jersey. Gallagher (1992) reported the presence 
of several Ir excursions within the uppermost Navesink and lower Hornerstown 
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formations. He followed up with a reanalysis, showing that the Ir distribution displays a 
weak spike centered around the MFL (Gallagher, 2011). As Ir is rare in the Earth’s 
lithosphere, but relatively abundant in extraterrestrial bolides (Alvarez et al., 1980), an 
enrichment of Ir above background levels is consistent with a bolide impact (e.g., 
Gallagher, 1992; 2011). More recently, shocked quartz grains were found in a burrow fill 
just beneath the MFL at the Navesink-Hornerstown contact (Obasi et al., 2011). Olsson et 
al. (1997) found a 6 cm thick layer of impact spherules at the K/Pg Boundary from a core 
taken at Bass River, New Jersey, although the MFL could not be identified in their core. 
While impact indicators have yet to be found within the MFL, they are present at the 
Rowan Fossil Quarry and other sites in New Jersey necessitating the need for a fine-scale 
analysis of sediment across the Navesink-MFL-Hornerstown interval.  
Other lines of evidence indicate faunal turnover and dramatic changes to the types 
of organisms present in the region above the MFL: The diameter of Thalassinoides 
burrows decreases towards the top of the MFL indicating a reduction in the size of 
burrowing organisms. A similar reduction is seen in other K/Pg Boundary sites in Texas 
and Alabama (Wiest et al., 2015). Gallagher (1991, 2002, 2003) describes a dwarfing of 
invertebrate fauna and a change from a diverse molluscan assemblage to a low-diversity 
assemblage composed of smaller sponges and brachiopods across the MFL-upper 
Hornerstown sequence. This suggests smaller, minimalist organisms that are able to 
survive in poor conditions. Taken together, these studies suggest a dramatic change in the 
environment and a loss of diversity across the MFL until the Thanetian (upper 
Vincentown Formation), when there is a return to pre-Danian diversity (Gallagher, 1993, 
2002).  
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While the correspondence of the MFL mass-death assemblage with proxies 
associated with bolide impact and environmental disturbance are intriguing, it is very 
difficult to correlate geological indicators with events that transpired over only days, 
weeks, or months. More work is necessary in order to constrain the chronostratigraphic 
relationships between the sediments, the fossils, and the proxies. Ongoing work, within 
the Lacovara research group, may add additional clarity to the meaning of the MFL, as 
research on this topic unfolds. 
 
1.6.12 Taphonomic History of Specimens in the MFL 
 Based on the preservational state of most vertebrate fossils within the MFL, the 
following taphonomic pathway for vertebrates is proposed. After death, many of the 
carcasses sank to the seafloor where decay resulted in the build up of gases within the 
body cavity. Eventually, the carcasses refloated and drifted for a period of time, perhaps 
days or weeks, based on Schäfer (1972). During this time, connections between skeletal 
elements loosened as a result of decay (e.g., Schäfer, 1972). Disarticulation continued via 
scavenging and/or by single bones or body parts dropping out of to carcass while it 
drifted. As decay gases were freed from the carcasses, the remaining portion of the 
carcasses sank to the bottom. Impact of the carcass upon the somewhat firm seafloor may 
have led to further disarticulation (Syme and Salisbury, 2014). Once at the sediment-
water interface, scavenging continued and skeletal hardparts were be colonized by 
various organisms including sponges, cyanobacteria, algae, and, potentially, the bone-
eating worm Osedax. Predatory regular echinoids and grazing gastropods fed on the 
sponges and algae growing on the bones until the elements were buried.  
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1.6.13 Implications for Phylogenetic Studies 
As mentioned earlier, bones and fragments thought to be isolated elements were 
commonly found to belong to the same individual or even the same bone. Conversely, it 
is not always clear whether or not two or more closely associated bones belong to the 
same individual. This is due to the mixed nature of the bonebed, in which multiple 
individuals are closely associated with one another (Wieland 1904; Parham, 2005). For 
instance, two left turtle humeri of different sizes were found associated with turtle pelvic 
and cranial material. Because previous excavations consisted mainly of digging random 
test pits into the MFL, it is highly likely that not all elements of each individual were 
collected, especially for disarticulated skeletons. Another issue is that remains from 
different individuals may be in close proximity to one another, making it hard to 
determine which elements belong to which individual. This is especially problematic with 
the abundant turtle remains. While shell bones can usually be identified to a specific 
genus, limb elements and cranial material remain poorly known for many taxa and are of 
thus limited utility in taxonomic identification. Many of these elements (i.e., limb bones, 
skull material, dentaries) are within close proximity to multiple individuals making it 
difficult to determine from which individual the bone belongs. To further complicate the 
problem, bones from the same individual may be separated by several meters. Therefore, 
bones that are closely associated with shell material may not, in fact, belong to any of the 
nearby specimens. These two issues can mean that specimens in museum collections are 
1) incomplete or 2) may be chimaeras consisting of more than one individual. This 
problem arising from the mixed nature of the Hornerstown bonebed has been noted since 
at least the early 1900s (e.g. Wieland, 1904). As discussed by Parham (2005), there are 
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several instances of Hornerstown chimaeras in the literature: 1) Gaffney (1975) found 
that the type specimen of Amblypeza consists of elements from three different genera 
(Taphrosphys, Osteopygis, and Adocus); 2) Fastovsky (1975) identified a skull (NJSM 
11872) that was originally found near the anterior portion of a Taphrosphys shell (NJSM 
12183) as belonging to Osteopygis emarginatus. Parham (2005) used this information in 
his argument that the holotype of Osteopygis emarginatus is a chimera and that the skull 
is assignable to Euclastes wielandi whereas the postcrania is best described as 
Eucryptodira incertae sedis (cf. “Macrobaenidae”). Such close proximity of bones from 
different individuals, and possibly different taxa, can have major effects on phylogenetic 
descriptions and studies of paleoecological inferences. 
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Figure 1.1 Articulation scale used in the current study from Boessenecker et al. (2014). Stage 1: 
articulated skeleton or articulated elements; Stage 2: Disarticulated skeleton; Stage 3: Partial 
skeleton consisting of a few associated bones; and Stage 4: Isolated skeletal element. 
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Figure 1.2 Abrasion scale is used the current study with examples. A) Stage 0: Unabraded turtle 
skull. Note the sharp, pointed sutures. B) Stage 1: Lightly abraded turtle bone. Note the varying 
degrees of rounding of sutures. C) Stage 2: Heavily abraded crocodile centrum. Scale bar in C = 1 
cm.
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Figure 1.3 Remains of major taxonomic groups recovered from the MFL. A) Pie-chart 
illustrating the percentage of bones assigned to each major taxonomic group. B) Pie-chart 
illustrating the percentage of bones and teeth assigned to each major group. 
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Figure 1.4 Articulation. A) Three-dimensionally preserved (Stage 1) indeterminate fish recovered 
from the MFL outside of the main excavation. B) Articulated (Stage 1), nearly complete carapace 
and plastron of Taphrosphys sulcatus (RU-EFP-2). C) Associated (Stage 2) cf. Acipenser 
skeleton (RU-EFP-25). D) Few associated (Stage 3) Catapleura repanda (RU-EFP-17). E) Well-
preserved, isolated (Stage 4) turtle dentary. F) Poorly preserved, isolated (Stage 4) indeterminate 
bone fragment. 
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Figure 1.5 Fragmentation. A) Percentage of fragmented bones recovered from the MFL. B) 
Percentage of all fragmented fossils (bones and teeth) from the MFL. C) Degree of fragmentation 
of shark teeth. D) Non-fragmented indeterminate crocodile tibia (RU-EFP-59). The cracks and 
breaks occurred during excavation. E) Fragmented turtle costal. The free rib-end is missing. F) 
Indeterminate bone fragment that was broken longitudinally and transversely. 
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Figure 1.6 Maximum length of all bones recovered from the main excavation. Approximately 
66% of the bones are less than 3 cm in length. The smallest bones are fish vertebrae, fin spines, 
and indeterminate bones. The largest elements are primarily turtle shell bones (e.g., costals), 
marine reptile limb bones, and large chimaeroid jaw elements. 
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Figure 1.7 Abrasion. A majority of bones excavated from the MFL at the Rowan Fossil Quarry in 
New Jersey exhibit little or no abrasion. Broken edges and sutures are typically only slightly 
rounded.  
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Figure 1.8 Surface cracking in specimens collected from the MFL exposed at the Rowan Fossil 
Quarry. A) Example of early (?pre-fossilization) surface bone cracking in an indeterminate 
crocodile osteoderm. The edges of the cracks are slightly rounded and the crevices are filled with 
clay (arrow). B) Example of recent surface cracking (arrows) of an indeterminate shark vertebral 
centrum resulting from excavation and drying of the fossil.  
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Figure 1.9 Matrix. A) Tan-colored clay filling in some of the trabecular spaces of a cf. 
Taphrosphys sulcatus costal (RU-EFP-14). B) Clay and glauconite adhering to the surface of an 
indeterminate bone (?crocodilian ?vertebral process) fragment (RU-EFP-772). 
68	  
	  	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10:Bioerosional traces in the form of scoring. A) Minute scoring on a small fish ?fin 
spine. B) Close-up of scoring in (A). C) Scoring on the ventral surface of a Thoracosaurus 
neocesariensis osteoderm (RU-EFP-6). D) Minute scoring (black arrows) on a small 
indeterminate fish tooth (white arrows). 
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Figure 1.11 Bioerosion in the form of excavations and scoring. A) Scores radiating from a central 
excavation on the ventral surface of the plastron of Taphrosphys sulcatus (RU-EFP-2). B) Line 
drawing of (A). The scores are assignable to the ichnogenus Gnathichnus sp., an echinoid feeding 
trace.  
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Figure 1.12 Bioerosion. Puncture marks on turtle bones. A) Dorsal surface of a Catapleura 
repanda costal (RU-EFP-616) with scores (black arrows) and pits or punctures (white arrows and 
boxed area). B) Close-up view of a tooth puncture in (A). The size and cross-sectional shape of 
the puncture suggest it was produced by the shark, Cretolamna appendiculata. C) Series of bite 
marks on a Catapleura repanda nuchal (RU-EFP-19). D-E) close-up of tooth marks in (C).  
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Figure 1.13 Shark tooth marking. A) Pits/scores (white arrows) produced by a single hexanchid 
shark tooth on an indeterminate bone fragment (RU-EFP-751). B) A hexanchid tooth from the 
MFL. The size and spacing of the individual cusps closely matches the spacing of the markings in 
(A). 
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Figure 1.14 Pits, scores, and a puncture mark along the posterior margin of a Catapleura repanda 
carapace (RU-EFP-17). There are two shallow depression (pits) on the ventral surface of left 
peripherals #7 and #8 (dashed lines). Two shallow scores (outlined in solid white) are present on 
left peripheral #7. A circular puncture mark along the inter-peripheral sutures between peripherals 
#7 and #8 completely penetrating both elements. 
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Figure 1.15 Preservation of bone microstructure. A) Thin-section of a Thoracosaurus 
neocesariensis femur (RU-EFP-6) illustrating the generally well-preserved nature of the 
microstructure and the altered (double-headed arrow) outermost portion of bone. B) The 
extremely thin, but well-preserved, cortex of a Catapleura repanda (RU-EFP-17) costal rib-end. 
C) The thick, but poorly preserved, cortex of an indeterminate crocodile tibia (RU-RFQ-29). 
74	  
	  	  
 
 
Figure 1.16 Microbial invasion of skeletal elements. A) Wedl tunnels (black arrows) extending 
inwards from the outer surface of a Thoracosaurus neocesariensis osteoderm (RU-EFP-6). B) 
?Wedl tunnels (arrows) within and next to a secondary osteon in the tibia of an indeterminate 
marine crocodile (RU-RFQ-29). C) Wedl tunnels (white arrows) cutting across individual 
lamellae of the lamellar bone lining the trabecular spaces of a Catapleura repanda plastron 
fragment (RU-RFQ-18). D) Wedl tunnels (black arrows) in the exposed cancellous bone of a 
Catapleura repanda plastron fragment (RU-RFQ-18). The tunnels extend inwards from the 
exposed outer surface of bone and radiate outwards from a vascular canal.  
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Figure 1.17 X-ray diffractograms of MFL fossil bone, coprolites, and sediment from the Rowan 
Fossil Quarry. All of the spectra have been shifted vertically to permit comparison between the 
samples. The coprolite and two fossil bone samples are composed of fluorapatite and the 
sediment was identified as glauconite.  
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Table 1.1: Vertebrate faunal list for the Main Fossiliferous Layer of the Hornerstown 
Fm., New Jersey (Updated and modified from Gallagher 2003). ***denotes new or 
revised taxa. 
 
Chondrichthyes 
Edaphodon stenobyrus 
Edaphodon mirificus 
Ischyodus bifurcatus 
Squatina sp. 
Squalicorax pristodontus 
Cretolamna appendiculata 
Odontaspis cuspidata 
Hexanchus sp. 
Sphenodus lundgreni*** 
Myliobatis sp. 
Rhombodus levis 
Rhinoptera sp. 
Indeterminate elasmobranchs (teeth, vertebrae) 
 
Osteichthyes 
Acipenser cf. albertensis 
Enchodus ferox 
Enchodus cf. gladiolus*** 
cf. Bananogmus sp. 
indeterminate teleosts (vertebrae) 
 
Chelonia 
Taphrosphys sulcatus 
cf. Bothremys sp. 
Adocus beatus 
Agomphus turgidus 
Catapleura repanda (= Dollochelys atlantica)*** 
Euclastes wielandi (= Osteopygis emarginatus)*** 
Eucryptodira incertae sedis cf. “Macrobaenid” (= Osteopygis emarginatus)*** 
Peritresius cf. emarginatus 
 
Crocodylia 
Hyposaurus rogersii 
cf. Procaimanoidea sp. 
Bottosaurus harlani 
Thoracosaurus neocesariensis 
Borealosuchus threeensis*** 
 
Squamata 
Mosasaurus hoffmanni 
Indeterminate mosasaurids 
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CHAPTER 2: THE RECOVERY OF SOFT-TISSUE-LIKE STRUCTURES FROM 
CRETACEOUS/PALEOGENE MARINE REPTILE FOSSILS 
 
2.1 Abstract 
 Previous reports of the recovery of original biomolecules and soft-tissue 
structures from fossil bone have been met with skepticism, despite supporting 
morphological, chemical, and even amino acid sequence data. With regards to the 
preservation of soft-tissue microstructures, it has been suggested that osteocyte- and 
blood vessel-like structures obtained from fossil bones may merely be recent bacterial 
biofilms.  
Here, I report the first recovery of soft-tissue-like structures from fossils deposited 
in a fully marine setting and with known handling history and sediment controls. These 
microstructures are morphologically consistent with extant vertebrate osteocytes and 
blood vessels, but not fungal hyphae or biofilms. Within the Maastrichtian-Danian 
Hornerstown Formation, preservation of soft-tissue-like structures seems to be 
independent of taxon, skeletal element, or the overall quality of macroscopic 
preservation. The best indicator of both bone microstructure preservation and the 
preservation of organic structures appears to be fossil color. Among sampled specimens, 
tan-colored bone does not preserve bone fabric or microstructures, whereas darker 
colored bone typically does preserve these structures. Additionally, bones that are 
macroscopically well-preserved may not exhibit the same preservational state at the 
microscopic level. It is hypothesized that the iron- and phosphate-rich depositional 
environment favored the preservation of soft-tissue-like structures through: 1) stimulating 
cross-linking of proteins and the lipids of cell membranes; 2) inhibition of microbial 
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activity; and 3) rapid phosphatization of more-labile material (bone microstructures, but 
also wood and coprolites). This study further broadens the scope of depositional 
environments in which well-preserved soft-tissue-like structures can be recovered, and 
also demonstrates that fossils from still waterlogged sediments can preserve soft-tissue 
microstructures over geologic timescales. 
 
2.2 Previous Studies 
Skeletal hardparts such as bone and teeth are preferentially preserved in the fossil 
record, but soft-tissue may also be preserved under certain conditions. These soft-tissues 
(e.g., skin, muscles, feathers) are typically preserved as merely impressions (e.g., 
Anderson et al., 1998), mineral replicas, or as molds or casts produced by bacteria 
(Briggs et al., 1997; Briggs, 2003; Iniesto et al., 2016). However, some authors have 
described potentially original soft-tissue-like structures in fossilized bone. Pawlicki 
(1978) described bone cells (i.e., osteocytes) from dinosaur bones using light microscopy, 
and transmission electron- and scanning electron microscopy. Pawlicki and 
Nowogrodzka-Zagórska (1998) used an etching technique to isolate or partially isolate 
osteocytes and blood vessels from various skeletal elements (femora and phalanges) of 80 
million year old Tarbosaurus bataar specimens from Mongolia. Structures that were 
interpreted as red blood cells were present within some of these vessels (Pawlicki and 
Nowogrodzka-Zagórska 1998). Schweitzer and Horner (1999) reported similar structures 
in vessels isolated from demineralized dinosaur bone, but interpreted them as possibly 
being diagenetically altered remnants of blood components. However, Martill and Unwin 
(1997) examined spherical structures they recovered from vascular channels within a 
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limb bone of an indeterminate archosaurian and determined, using scanning electron 
microscopy and energy dispersive x-ray analysis, that similar structures were pyrite 
framboids, not red blood cells, in their specimen. 
  More recently, Schweitzer et al. (2005a) published the first report of soft, pliable, 
blood vessel-like structures in addition to osteocyte-like bodies from the femur of a 
Tyrannosaurus rex (MOR 1125). Interestingly, this femur also possessed unusual bone 
tissue on the endosteal surface that is both morphologically (Schweitzer et al., 2005b) and 
chemically (Schweitzer et al., 2016) consistent with avian-type medullary bone. Upon 
demineralization of cortical bone fragments with 0.5M ethylenediaminetetraacetic 
(EDTA) acid, several types of flexible structures were observed. Some of these structures 
closely resembled modern ostrich blood vessels and were interpreted as preserved 
dinosaur blood vessels. In addition to the vascular structures, osteocyte-like structures 
were also recovered that were suggested to possibly even contain internal contents 
including nuclei (Schweitzer et al., 2005a). Based on similarities of the morphology and 
physical characteristics (e.g., being flexible) of these structures and modern ostrich cells 
and blood vessels, Schweitzer et al. (2005a) suggested that the structures, which were 
also observed in bones of two other tyrannosaurids and a hadrosaurid, might be original 
soft-tissues. Subsequent discoveries and studies have provided immunological and mass 
spectroscopic (e.g., Schweitzer et al., 2007; 2013) evidence to support the claim that 
these microstructures are indeed original, ancient, endogenous soft-tissues or that they at 
least retain a fraction of their original biomolecules. In spite of these diverse lines of 
evidence, some researchers have argued that the microstructures isolated from fossil bone 
are biofilms produced by recent bacteria (Kaye et al., 2008).  
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 Most studies involving the recovery of soft-tissue structures have focused on 
fossils from terrestrial environments (e.g., Schweitzer et al., 2005a; Armitage and 
Anderson, 2013; Cadena and Schweitzer, 2014). Fossils from aquatic settings may have 
been avoided because exposure to water for a prolonged period of time may lead to 
hydrolysis and leaching of organics (e.g., protein) thereby decreasing the chance of 
preservation of soft-tissues and biomolecules (e.g., Mitterer 1993; Hedges, 2002). Indeed, 
Schweitzer et al. (2007) found that soft-tissue-like structures are less likely to be 
recovered from fossils preserved in marine sediments than from those preserved in 
terrestrial environments (at least if greater than Pleistocene in age). However, bones 
buried in completely waterlogged or very dry environments have been shown to be better 
preserved histologically than bones buried in sediments in which the water level 
fluctuated (Nielsen-Marsh and Hedges, 2000). More recently, though, Cadena (2016) 
isolated ‘osteocytes’ and ‘blood vessels’ from bones excavated from a freshwater 
lacustrine environment (the Messel Shale). Cadena and Schweitzer (2012) described 
osteocyte- and vessel-like structures in both modern and fossil turtle bone of various ages 
and depositional environments, including brackish water settings. Only Lindgren et al. 
(2011) explored the preservation of both collagen type-I and soft-tissue structures in a 
fossil from a marine setting, a mosasaur humerus. Though soft-tissue-like structures were 
recovered in addition to evidence for the preservation of collagen, this study lacked a 
sedimentary control, and the collection and preparation history of the specimen were 
uncertain. Schweitzer et al. (2007) were able to recover very poorly preserved soft-tissue-
like structures from bone of geologically younger aquatic organisms, a whale and 
manatee, but no detailed descriptions were given nor were sediment controls used. Here, I 
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present evidence for the preservation of soft-tissue-like structures in various skeletal 
elements from a Cretaceous-Paleogene shallow marine deposit, the Hornerstown 
Formation exposed at the Rowan Fossil Quarry in Mantua Township, New Jersey. 
 
2.3 Methods and Materials 
 
2.3.1 Field protocols 
Fossil material was collected from the Main Fossiliferous Layer (MFL) of the 
Hornerstown Formation (see Gallagher, 1993 for a broad overview of the paleontology of 
this layer) during field seasons from 2011 - 2015. During excavation of the bonebed, 
select fossils were collected following standard sterile collecting protocols (e.g., 
Schweitzer et al., 2009). Nitrile gloves were worn during excavation of fossils that were 
to be used for molecular research. Fossil material and sediment samples were collected 
and wrapped in sterile aluminum foil, which were then placed in autoclaved mason jars 
with silica gel dessication beads. Because bone and sediment from the Rowan Fossil 
Quarry below the water table, thus waterlogged, the samples were unwrapped and 
allowed to air-dry in a clean chemical fume hood to prevent any potential mold and/or 
fungal growth. The fume hood had not been previously used and was wiped clean with 
bleach and 70% ethanol. After drying, the samples were rewrapped and placed back into 
the jars for storage in the fume hood. These samples were never treated with glue or other 
consolidants.  
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2.3.2 Isolation of Soft-Tissue-Like Structures from Fossil Bone 
Prior to destructive sampling, all fossil specimens were photographed. For 
isolation of possible soft-tissue structures, previously published methodologies were 
employed (e.g., Schweitzer et al., 2008; Cadena and Schweitzer, 2012). Approximately 1 
cm3 fragments of each fossil sample were placed in separate disposable 6-well cell 
culture plates (Corning). Any sediment adhering to the bone was removed prior to the 
bone fragment being placed in the well. A small amount of sediment collected along with 
the fossil (to serve as a control) was placed in a separate well. The samples were then 
demineralized with 0.5M ethylenediaminetetraacetic acid (EDTA; pH = 8.0, filtered 
using a 0.22 µm filter) or 0.2M hydrochloric acid (HCl; Fluka Analytical). 0.2M HCl was 
used in later studies because it demineralized the bone samples more quickly. EDTA was 
initially changed every other day, and then once a week (or when needed, e.g., when the 
solution took on a dark red color). Demineralization for an extended period of time, 
usually more than 3 – 4 weeks, was occasionally necessary to obtain abundant soft-tissue-
like structures when using this solution. For specimens that were demineralized with 
0.2M HCL, the solution was initially changed bi-weekly, and then only when needed. 
After the fragments had been extensively demineralized, a droplet of solution from the 
bottom of each well was placed on a glass microscope slide, cover-slipped, and observed 
using transmitted light microscopy (see below). Osteocyte morphological descriptions 
follow Cadena and Schweitzer (2012), in which stellate osteocytes (SO) are typically 
round (length = 30 – 50 µm; width = 30 – 40 µm), and flattened-oblate (FO) osteocytes 
are 80 – 100 µm in length and 5 – 15 µm in width. FO osteocytes are divided into two 
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morphologies with FO1 osteocytes at the higher end of this range and FO2 osteocytes at 
the lower end. 
 
2.3.3 Negative Controls 
 Sediment that was collected along with sampled fossils was also demineralized 
with EDTA or HCl to confirm that any soft-tissue-like structures were restricted to 
osseous material. Droplets of fresh/unused EDTA and HCl were also examined under the 
microscope to rule out laboratory contamination.  
 
2.3.4 Histologic Thin-sectioning 
To examine bone microstructure preservation, fragments of the specimens used 
for soft-tissue analysis were processed into standard petrographic thin-sections (e.g., 
Chinsamy and Raath, 1992). Bone fragments were embedded in Silmar resin, then 
sections were cut and trimmed using a Hillquist sectioning saw. The cut bone surface was 
ground and polished using 400 and 600 grit carbide grinding powder, then mounted on 
frosted glass slides with Loctite Heavy Duty 60 minute epoxy and allowed to dry 
overnight. These sections were then ground using a Hillquist Grinder/Polisher with a 240 
grit wheel to a thickness of ~ 0.2 mm before being ground and polished by hand using 
successively finer silicon carbide grinding powders (400, 600, l000 grit) at Rowan 
University and Temple University. Petrographic thin-sections of Thoracosaurus 
neocesariensis (RU-EFP-6) were processed in the Schweitzer Paleontology Lab at North 
Carolina State University. The degree of bone microstructure preservation is qualified 
using the Histologic Index (HI) of Hedges and Millard (1995), in which HI = 0 indicates 
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that no original features are preserved and HI = 5 indicates well-preserved bone that is 
microstructurally indistinguishable from modern bone, although diagenetic processes 
may result in mineral staining or permineralization.  
 
2.3.5 Microscopy and Photography 
Soft-tissue-like structures and bone microstructure were examined and imaged 
using a Leica DM2500 P petrographic microscope with a mounted Leica MC170 HD 
microscope camera at the Academy of Natural Sciences of Drexel University. Soft-tissue-
like structures and bone microstructure of the femur of RU-EFP-6 were examined at 
North Carolina State University using a Zeiss Axioskop 2 Plus and an Axioskop 40 (for 
polarized light microscopy). For this specimen alone, a Zeiss Axiocam MRc5 was used to 
take pictures of the petrographic thin-section and demineralization products.  
 
2.3.6 Field-Emission-Scanning Electron Microscopy with Energy-Dispersive X-Ray 
Spectroscopy (FE-SEM-EDS) 
 Osteocyte-like structures were freed from bone fragments of RU-EFP-6 by 
demineralization using 0.2M HCl. After prolonged demineralization, isolated osteocytes 
were collected from solution using a Millipore 1 µm filter. The filter was then placed on 
an aluminum stub and allowed to air-dry overnight in the sterilized fume hood. Uncoated 
samples were then imaged using a Field Emission-Scanning Electron Microscope (FE-
SEM Zeiss Supra 50VP) at Drexel University. Elemental spot analyses were collected as 
a standardless assay using a coupled Oxford model 7430 EDS INCAx microanalyzer.  
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2.3.7 Materials 
 Multiple crocodile and sea turtle fossils of varying preservational states were 
examined for the presence of soft-tissue-like structures. Below are descriptions of each 
sampled specimen: 
Thoracosaurus neocesariensis (RU-EFP-6) 
 RU-EFP-6 is a disarticulated juvenile of the marine, gavialoid crocodilian T. 
neocesariensis consisting of a complete lower left jaw, the right angular, partial right 
maxilla, cervical and dorsal vertebrae, rib fragments, right ischium, femur, and tibia, a 
phalanx, several osteoderms, and a few indeterminate bone fragments. This specimen was 
collected in 2011 prior to our extensive excavation and mapping project (see Chapter 1). 
The skeletal elements are well preserved with minimal bioerosion and breakage. Portions 
of the distal midshaft of the femur were used for demineralization and histological study. 
The femur itself is moderately well preserved; large areas of surface bone at the proximal 
end and midshaft have been destroyed by bioerosion, though the thin layer of bone on the 
articular ends is still mostly intact. Several transverse and longitudinal breaks and cracks 
are present, although a few are probably the result of excavation and drying. In cross-
section, the bone is a dark purple-brown color except for a thin outer layer of buff-
colored surface bone.  
Indeterminate Crocodilian (RU-EFP-29)  
 Two relatively large limb bones, a left humerus and left tibia, from an unknown 
crocodilian were collected in 2013. The two elements were found ~1 meter apart and 
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based on the taphonomy of the MFL, likely belong to the same individual (See Chapter 1 
for justification).  
The tibia is well-preserved with only minor bioerosion (pitting and echinoid 
feeding traces) and a few ?pyrite crystals present on the periosteal surface. The bone is 
fairly large (232.1 mm long, midshaft circumference of 38 mm). Fragments from the 
proximal portion of the midshaft, near the metaphysis, were removed for study. The bone 
fragment was broken into two sections, one representing the outer half of the cortex and 
the other composed of the inner portion of the cortex and a small amount of trabecular 
bone. In cross-section, the entire cortex is essentially buff-tan in color except for some 
cancellous bone and innermost cortex, which are light brown in color. 
The humerus of this specimen is extensively bioeroded. Surface pitting is 
common, especially on the quarry-up surface. However, like the tibia, the thin layer of 
compact bone covering the epiphyses is still intact. The humerus is equally large (234.72 
mm in length, 38 mm in circumference). Fragments from the midshaft, just distal to the 
deltopectoral crest, were taken for analysis. In cross-section, most of the bone is a light 
purple-brown color except for a thin layer of surface bone that is buff-tan.  
Taphrosphys sulcatus (RU-EFP-2) 
 In 2011, I discovered a nearly complete carapace and plastron of the shallow 
marine turtle T. sulcatus, including associated girdle and appendicular elements. The 
carapace and plastron were articulated, dorsal-side down, although the shell had been 
dorsoventrally flattened (likely due to decay and/or compaction after burial). This 
specimen represents one of the best-preserved and complete specimens of T. sulcatus. 
The carapace is exceptionally preserved with only minor bioerosion, whereas the ventral 
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surface of the plastron is highly pitted as a result of being colonized by invertebrates after 
death. This difference suggests that the carcass landed on the sea-floor carapace-side 
down or, if originally plastron-side down, was flipped over shortly after arriving on the 
seafloor.  
RU-FRQ-2 has a straight-line carapace length of 56.5 cm. During preparation of 
the specimen, the lateral half of right peripheral #10 was set aside for molecular analysis. 
The fragment was wrapped in sterile aluminum foil and stored in an autoclaved mason jar 
with desiccant beads. The bone was not treated with or exposed to any consolidants. The 
medial/proximal corner of the partial peripheral was broken off for demineralization. A 
fragment from the lateral edge of the bone was thin-sectioned. 
?Taphrosphys sulcatus (RU-EFP-915)  
 RU-EFP-915 is a small, isolated peripheral or plastron bone fragment. The bone is 
tentatively assigned to Taphrosphys sulcatus based on its surface ornamentation. The 
bone is slightly abraded with small shallow pitting on the ventral surface. It is entirely 
buff-tan in cross-section, and somewhat brittle and crumbly.  
Taphrosphys sulcatus (RU-EFP-961)  
 RU-EFP-961 is an isolated costal from a juvenile T. sulcatus. The distal end and 
rib head are not preserved and the sutures are slightly abraded, but otherwise the bone is 
well preserved. ?Pyrite crystals are present on the bone surface. A few small shallow pits 
are present on the ventral surface, and a few very thin layers of bone have flaked away in 
places. Fragments from the distal end were demineralized or thin-sectioned.  
Indeterminate Turtle (RU-EFP-983)  
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 RU-EFP-983 is a small isolated anterior peripheral from an indeterminate turtle. 
The overall shape and presence of a costal insertion depression suggests that the element 
might belong to either a Catapleura repanda or Peritresius ornatus. The purple-brown 
bone is well preserved with no bioerosion or abrasion. 
Catapleura repanda (RU-EFP-17) 
 RU-EFP-17 is an association of disarticulated turtle shell elements scattered over 
2+ square meters, typically in small groups of partially overlapping elements. The 
specimen is fairly well preserved with varying degrees of bioerosion. Many of the costals 
were broken into several pieces, some of which had been transported a short distance 
away from one another. An isolated rib end, 28.75 mm in length, was collected for 
molecular analyses. The fragment is well preserved, showing no evidence of abrasion or 
bioerosion. The bone is a dark purple-brown color both externally and internally, and the 
trabecular spaces of the cancellous bone are infilled with dark-brown, clayey sediment.  
Indeterminate turtle (RU-EFP-1031)  
 RU-EFP-1031 is an isolated humerus from a relatively large indeterminate turtle. 
The humerus is complete with a maximum length of 158.27 mm and a midshaft 
circumference of ~54 mm. The bone is well preserved except for minor bioerosional 
pitting along the midshaft and around the humeral head. Fragments from different 
portions of the midshaft were taken for analyses. The cortical bone is thin distally and 
thicker proximally due to an expansion of the cancellous bone towards the distal end. In 
cross-section, there is essentially no cortical bone in the distal diaphysis and epiphysis as 
it has been entirely converted to cancellous bone. A light brown clay fills in most of the 
trabecular spaces of the midshaft and epiphyses. Fragments were taken from various 
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portions of the midshaft: 1) a piece of thin cortical/outer cancellous bone from the distal 
end; 2) a piece of thicker cortical bone from the proximal end, and; 3) fragments from the 
inner cancellous region that was infilled with clay. 
 
2.4 Results 
 
2.4.1 Recovery of Soft-Tissue-Like Structures from Fossil Samples 
During demineralization, the 0.5M EDTA and 0.2M HCl solutions in the bone 
and sediment sample wells quickly took on a dark, orange-red color. After several 
changes, the solution eventually remained clear or slightly yellow-orange. An extensive 
period of time was necessary to demineralize some fossils. Even after 1-2 months, some 
bone samples remained relatively hard. For these samples, the exposed surfaces were 
softened to varying degrees whereas the more internal bone remained hard to the touch. 
Buff-tan colored bone demineralized more quickly with EDTA and HCl than more darkly 
colored portions of bone. After being partially demineralized, this tan bone developed a 
granular or crumbly texture. Prepared petrographic thin-sections indicate that bone 
microstructure is not preserved in these tan-colored areas of bone (Figure 2.1). 
Soft-tissue-like structures of varying preservational states and/or morphologies 
were recovered from most, but not all, of the demineralized bone samples. Vascular 
structures were rare and only recovered from RU-EFP-6 (Figure 2.2), but osteocyte-like 
microstructures were common and plentiful from most sampled bones. Small, circular, 
black structures were commonly encountered. These structures occurred in clusters or by 
themselves and may be grains of pyrite. For brevity, the terms ‘osteocyte,’ ‘filopodia,’ 
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and ‘vessel’ are used but it should be noted that these structures are only morphologically 
consistent with soft-tissue structures. 
Thoracosaurus neocesariensis femur (RU-EFP-6) 
Soft-tissue-like structures: Soft-tissue-like structures consistent in size and 
morphology with vertebrate osteocytes and blood vessels were observed after 
demineralization with EDTA. These structures were orange to brownish-red in color 
(Figure 2.3). Under cross-polars, some of these microstructures exhibited both 
birefringence and extinction indicating that some form of mineral remained after 
chelation.   
‘Osteocytes’ varied in their degree of preservation, although most appeared to be 
well preserved with intact, branching ‘filopodia’. ‘Osteocytes’ also varied in shape and 
size, ranging from flat and elongate to nearly circular (Figure 2.3B)—similar in forms to 
the oblate and stellate osteocyte morphologies from various fossil turtles described by 
Cadena and Schweitzer (2012). The maximum diameter of the stellate microstructures 
was 25 µm. The cell bodies themselves were generally ~ 17 µm in length. More oblate 
microstructures reached a maximum length of ~ 40 µm (when the long branching, 
filopodial processes are included). Otherwise, cell body lengths were around 25 – 30 µm. 
Of the measured osteocyte-like structures, overall lengths ranged from 12 – 40 µm and 
widths ranged from 6 – 15 µm. Small fragments of partially demineralized bone were 
also observed, with birefringent osteocyte-like structures still embedded within them 
(Figure 2.3C). The length of these lacunae for osteocytes fell within the range of the 
isolated microstructures. Overall, the preservation of the cell-like microstructures varied 
in regards to the presence of branching ‘filopodia’. Some bodies completely lacked any 
	   91	  
branching processes while others had very long (~12 µm), branching. hair-like ‘filopodia’ 
(Figure 2.3A, D). More commonly, the microstructures possessed short, sometimes 
branching, processes off of the main body. 
Three small blood-vessel-like structures were also observed. Two were orange-
brown in color and exhibited a rough surface texture. The first ‘vessel’ was a 140 µm 
long, hollow, cylindrical structure with a diameter of ~ 20 µm (Figure 2.2B). The second 
vessel-like structure was slightly longer and bifurcated at one end (Figure 2.2A). The 
diameter of the ‘vessel’ at its end opposite the bifurcation was ~23 µm. The diameter 
increases slightly until the bifurcation, where the maximum diameter reaches 55 µm. 
After bifurcating, the diameter again decreases. The third ‘vessel’ was 130 µm long with 
a diameter of ~ 50 µm. No definitive internal contents were observed in any of the vessel-
like structures. 
Bone histology: Bone microstructure is well preserved in the sampled femur 
(Figure 2.1), except for the outermost 50 - 250 µm where the microstructure has been 
nearly completely obliterated (overall: HI = 5; altered layer: HI = 0). In cross-section, this 
altered layer corresponds to the buff-tan colored area of bone. There is an abrupt 
transition between this completely altered bone layer to the otherwise well-preserved 
bone making up the rest of the thin-section. The cortex is composed of lamellar-zonal 
bone vascularized by small, simple longitudinal canals. The zones are light gray or tan in 
color whereas the annuli and lines of arrested growth (LAGs) appear as dark brown bands 
(Figure 2.1). The innermost cortex is composed of cancellous bone that has been 
secondarily remodeled to compact coarse cancellous bone by deposition of lamellar bone. 
Approximately 17 lines of arrested growth (LAGs) can be observed. Osteocyte lacunae 
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are visible in all areas of the bone except for the altered layer. In thin-section, they are 
darkly colored and vary in shape and size. Short canaliculi are visible radiating from the 
lacunae. An associated osteoderm that was also thin-sectioned showed a similar state of 
preservation. Authigenic gypsum and ?pyrite line areas of the medullary cavity and fill 
some of the vascular canals, but overall, permineralization is minimal. 
Indeterminate Crocodilian (RU-EFP-29)  
Soft-tissue-like structures: No soft-tissue-like structures were observed in any of 
the demineralized bone fragments from the tibia. Only a few very poorly preserved dark 
colored osteocyte-like structures were isolated from the humerus. The most well-
preserved microstructure was a 28 µm long, osteocyte-like structure with a few, thick 
basal filopodia-like processes branching off the main body (Figure 2.4A, B). Abundant 
black circular structures were also observed and may be pyrite (Figure 2.4C) 
Bone histology: The cortex of the tibia is almost completely altered except for a 
small area of the innermost cortex (HI = 1). Where the microstructure is better preserved, 
only a few scattered osteocyte lacunae are visible. All of these lacunae are black in color 
and typically circular or elongate in shape, with only a handful exhibiting short canaliculi 
branching off of the main body (Figure 2.4D). Lack of visible canaliculi on most of the 
black structures precludes their definitive identification as lacunae as they could also be 
mineral staining or pyrite crystals. The lamellar bone of a few ?secondary osteons or 
compact coarse cancellous bone are the only identifiable bone tissues present. 
Interestingly, some areas that do not retain any microstructural detail in normal light do 
exhibit slight birefringence under polarized light, indicating that the original mineral 
alignment has not been completely altered. While the humerus was not sectioned, a few 
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bone flakes that were present in the EDTA and HCl were viewed under the microscope. 
Most of the fragments lacked lacunae or any other detail. When present, the lacunae were 
black and poorly preserved (i.e., do not show any fine detail or branching canaliculi).  
Indeterminate turtle (RU-EFP-1031) 
Soft-tissue-like structures: This bone, along with the Thoracosaurus 
neocesariensis femur (RU-EFP-6), provided some of the best microstructures. All 
sampled sections of this humerus provided abundant and well-preserved osteocyte-like 
structures (Figure 2.5), in addition to ones exhibiting the more typical preservational 
state. There is no difference in preservation of the osteocyte-like structures between the 
thick cortical bone of the proximal end and the cancellous bone of the distal end. Some of 
the ‘osteocytes’ were short and oval with only very short processes branching off the 
main cell body (e.g., Figure 2.5D). However, others preserved long, fine, filopodia-like 
processes that exhibited secondary and tertiary ramifications (Figure 2.5A). Both isolated 
and partially embedded stellate and elongate osteocyte-like structures were observed 
(Figure 2.5D). The stellate osteocytes were essentially circular with equal lengths and 
widths. The cell body of one SO was ~ 29 µm, and its maximum length was 41 µm when 
the ‘filopodia’ were included. The more flattened, elongate structures tended to have a 
maximum length of 58 – 91 µm with long filopodia-like processes accounting for almost 
half the length. The width of these elongate ‘osteocytes’ was only 6 µm.  
cf. Taphrosphys sulcatus (RU-EFP-915) 
Soft-tissue-like structures: Only a few small, elongate, dark-colored osteocyte-like 
structures were isolated from the bone matrix. The microstructures were thin and 
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elongate (Figure 2.6A, B), with average lengths of ~ 37 µm and diameters of 7 µm. Only 
a few very short filopodia-like processes are branching off of the ‘cell bodies.’ 
Bone histology: Very little of the original bone microstructure is preserved, 
having been nearly completely obliterated (HI = 2). The external cortex is completely 
altered, as is most of the internal cortex (Figure 2.6D). Patches of less altered bone tissue 
remain in the internal cortex as well as lining the trabecular spaces of the cancellous 
bone. In these better-preserved areas, the bone exhibits a somewhat “blotchy” 
appearance, which resembles the well-preserved portions that retain microstructural 
details. However, few identifiable osteocyte lacunae were observed. When present, they 
were round to oblong structures ranging from ~10 – 20 µm in length. Under cross-
polarized light, these areas exhibited birefringence patterns consistent with lamellar bone 
(in the cancellous bone) and parallel-fibered bone (in the internal cortex). The rest of the 
thin-section remains dark under cross-polars. Within the cancellous region, many of the 
empty spaces were partially filled by a dark material, possibly pyrite (Figure 2.6C, D). 
Taphrosphys sulcatus (RU-EFP-961) 
Soft-tissue-like structures: Demineralization of this specimen provided abundant, 
reddish-brown, cell-like structures of various sizes and shapes. All three osteocyte 
morphotypes described by Cadena and Schweitzer (2012) were recovered. Most of the 
microstructures were morphologically consistent with flattened oblate osteocytes (FO2; 
e.g., Figure 2.7A, C) while the rest exhibited stellate morphology (SO) or a very flat, 
elongate-oblate morphology (FO1; Figure 2.7B). A majority of the microstructures only 
have very short filopodia-like processes. The stellate microstructures that were measured 
exhibited a maximum length of ~ 40 µm and the cell bodies ranged from 15 – 30 µm. 
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These SO structures tended to also exhibit thicker filopodia-like processes branching off 
of the main body. FO2 ‘osteocytes’ were about the same length (~ 40 µm) but much 
thinner, exhibiting a width of 9 – 10 µm. Only one or two free-floating FO1 ‘osteocytes’ 
were observed. These microstructures were extremely long (~100 µm) and very thin (~9 
µm).  
Bone histology: The bone microstructure is well preserved in the juvenile 
Taphrosphys sulcatus costal (HI = 4 – 5). The external cortex is composed of highly 
vascularized interwoven structural fibre (ISF) bundle matrix (Figure 2.7D) whereas the 
internal cortex is composed of parallel-fibred bone. Lamellar bone and interstitial ISF 
form the trabeculae of the cancellous bone. The osteocyte lacunae in the ISF tissue are 
circular to slightly oblate, with lengths ranging from ~ 13 µm (for a small circular lacuna) 
up to ~ 26 µm. Osteocyte lacunae of the lamellar bone lining trabecular spaces and 
primary or secondary osteons are flat and elongate, with lengths up to 44 µm and widths 
around 6 µm. The parallel-fibred bone tissue of the internal cortex displays very thin and 
elongate lacunae (most are ~60 µm in length). In petrographic thin-section, the lacunae 
are visible, as are the thick canaliculi that initially branch off of the lacunae. Only in a 
few instances are the more distal, finer canaliculi visible. 
Indeterminate turtle (RU-EFP-983) 
Soft-tissue-like structures: Only a few free floating elongate ‘osteocytes’ (FO2) 
were observed from this sample. As in most samples, the osteocyte-like structures only 
exhibited very short, non-branching filopodia-like processes (Figure 2.8A). 
Bone histology: Bone microstructure is well preserved (HI = 4 to 5) except for the 
outermost 500 µm, which is altered as in most of the other samples (Figure 2.8B). Both 
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cortices are fairly thin and quite vascular. The cancellous bone region is extensive with 
very large cavities towards the center. Medially, the bone is very “porous”. At the lateral 
edge, the external and internal cortices converge. There are fewer osteocytes in this area 
than in the rest of the bone. The cortices thin medially, and large canals become more 
common as the cancellous bone area expands. Maltese crosses are well-developed in the 
cancellous bone where lamellar bone lines the cavities. Most vascular canals are 
longitudinal although some are oriented slightly oblique or parallel the bone tissue layers. 
The bone is fractured in some areas, as evidenced by microcracks. Pyrite, or another 
black mineral, along with a few grains of glauconite, are present within the cancellous 
bone, but again only along one side of the trabecular space. Osteocyte lacunae vary in 
size and shape, ranging from round to oblong and flattened. Their sizes range from 7 – 50 
µm in greatest length. 
Catapleura repanda (RU-EFP-17)   
Soft-tissue-like structures: RU-EFP-17 produced abundant free-floating and still-
embedded osteocyte-like structures, including SO and FO1 morphologies (Figure 2.9). 
The stellate microstructures were almost circular, with dimensions of ~ 12 x 18 µm. FO1 
osteocytes are elongate with lengths ranging from 48 – 58 µm and widths of ~ 8 µm. 
Again, most osteocyte-like structures exhibited only short, non-branching processes. 
Several partially demineralized bone fragments were observed under the microscope. All 
of these fragments possessed lacunae with embedded osteocyte-like structures (Figure 
2.9B). In one bone flake, an osteocyte-like microstructure was partially isolated from the 
bone matrix. Under cross-polars, the embedded microstructures were highly birefringent 
(Figure 2.9C).  
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Bone histology: This rib-end is composed almost entirely of cancellous tissue, 
with only a thin layer of cortical bone. The bone tissue is well preserved and exhibits 
very little, if any, loss of bone microstructure (HI = 5). Well-preserved lacunae are 
numerous. Osteocyte lacunae within the cortical bone tend to be thick and round (16.5 x 
13.3 µm) or elongate (25 x 8 µm). In the outer portions of the cancellous bone (i.e., 
towards the cortices), the lacunae are more elongate, generally 30 – 40 µm in length 
(FO2), but some are very long and thin (74 x 13 µm; FO1 type). Trabecular spaces are 
completely infilled with dark brown clay and few glauconite grains (Figure 2.9C). A few 
black grains present within the clay matrix may be pyrite. 
Negative Controls 
 Sediment controls were always negative for the presence of soft-tissue-like 
microstructures except for the sediment control associated with RU-EFP-961, a juvenile 
T. sulcatus costal. In this sample, both isolated and still-embedded osteocyte-like 
structures were observed. Closer examination of the sediment in the 6-well plate revealed 
the presence of small flakes of bone that had broken off of the fossil, thus contaminating 
the sediment sample. Subsequent demineralization of “clean” sediment produced a 
negative result for the presence of microstructures. In addition, no microstructures were 
observed in the 0.5M EDTA or 0.2 M HCl control solutions.  
FE-SEM-EDS 
 Under scanning electron microscopy, ‘osteocytes’ isolated from the femur of RU-
EFP-6 are essentially indistinguishable from osteocytes from extant organisms and 
strongly resemble those obtained from other fossil material (Schweitzer et al., 2005a; 
Lindgren et al., 2011; Cadena, 2016). The ‘osteocytes’ observed here exhibited stellate or 
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flattened-oblate morphologies (Figure 2.10A-C). Short, stubby, typically non-branching 
‘filopodia’ were seen originating from the main cell body and radiating in all directions. 
These ‘filopodia’ were typically less than 1 µm in diameter and only a few microns in 
length, although this short length was probably due to breakage. The surface of the 
‘osteocytes’ was either smooth or rough, with a wooly appearance (Figures 2.10A2). 
Small, flat structures seen on the surface of some ‘osteocytes’ are most likely thin bone 
fragments. An EDS spectrum of an ‘osteocyte’ indicates it is composed primarily of 
oxygen, iron, and carbon (Figure 2.10D). The composition of fossil bone, by contrast, 
exhibits high concentrations of oxygen, phosphorus, calcium, and silicon (Figure 2.10E). 
 
2.5 Discussion 
 Preservation of original biomolecules and soft-tissue-like structures appears to be 
more common than conventional wisdom and actualistic experiments (e.g., Dobberstein 
et al., 2008; Allentoft et al., 2012) would suggest. Structures that are morphologically 
consistent with blood vessels, osteocytes, collagen fibrils, and erythrocytes have been 
recovered from large, well-preserved (Schweitzer et al., 2005a; Schweitzer et al., 2009) 
and degraded dinosaur bone fragments (Bertazzo et al., 2015), aquatic reptiles (Lindgren 
et al., 2011; Cadena and Schweitzer, 2012; 2014) and Pleistocene mammoth and 
mastodon bones (Schweitzer et al., 2007). These fossils are from different ages and 
depositional settings including terrestrial, freshwater, and marine strata. The present 
study provides only the second detailed report of microstructures from a marine setting 
and is the first to provide additional negative controls.  
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 Soft-tissue-like structures were only recovered from vertebrate osseous material, 
sediment and laboratory controls were negative. However, within the fossil samples, 
microstructures were not uniformly recovered. There appears to be no correlation 
between preservation of soft-tissue-like structures and taxon, skeletal element, bone 
tissue type, or overall macroscopic preservation quality. Microstructures were isolated 
from various crocodilian and sea turtle skeletal elements including limb elements and 
shell bones. Of the limb bones sampled, two (the femur of RU-EFP-6 and a turtle 
humerus, RU-EFP-1031) provided some of the best-preserved ‘osteocytes’ as well as the 
only ‘blood vessels’. However, definitive soft-tissue-like structures could not be 
recovered from the other two limb elements, an indeterminate crocodile tibia and 
humerus. These two bones are otherwise macroscopically well-preserved, especially the 
tibia. In the current study, cortical bone thickness did not have an effect on the 
preservation of microstructures. No soft-tissue-like structures were recovered from the 
thick cortical bone of a crocodile tibia, whereas these structures were successfully 
isolated from very thin cortical and cancellous bone of a Catapleura repanda rib-end 
fragment. Based on the studied specimens, the best indicator of soft-tissue-preservation 
and bone microstructure preservation for fossils from this site is the color of the bone. In 
all thin-sectioned elements, bone microstructure was not preserved in tan-colored 
portions of the bone. Neither were any soft-tissue-like structures isolated from tan-
colored bone fragments. When bone microstructure was excellently preserved, soft-
tissue-like microstructures were recovered. Wedl-tunnels were observed in some thin-
sections extending from the altered bone layer into the well-preserved bone tissue, 
indicating that microbial degradation may likely be responsible, in part, for the loss of 
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bone microstructure and soft-tissues. The visual appearance of the altered layer is 
consistent with other published descriptions of microbial damage to bone (e.g., 
Fernández-Jalvo et al., 2010; Danise et al., 2012). Cadena (2016) also reported that some 
demineralized fossils from the Messel Shale produced abundant soft-tissue-like structures 
while others did not. In his study, he demineralized mammalian, turtle, and crocodilian 
bone. Four of the nine sampled specimens, namely two sea turtles (Allaeochelys 
crassesculpta and Neochelys franzeni), a crocodilian (Diplocynodon darwini) and a 
mammal (Eomanis krebsi) produced abundant soft-tissue-like structures, whereas the rest 
did not. It is unclear if his other five samples (various reptiles, a bird, and a fish) did not 
produce any structures or if they simply did not produce as many as the four specimens 
he discussed. The histological preservation of the sampled fossils was also not discussed. 
Regardless, the fact remains that fossils from the same location can vary with respect to 
their preservation of these soft-tissue-like structures (e.g., Ullmann, 2015; Cadena, 2016).  
 SEM analysis of a few crocodile ‘osteocytes’ showed that they have a somewhat 
rough or “wooly” appearance. Overall, they are morphologically consistent with 
‘osteocytes’ described from various other fossils (Schweitzer et al., 2008, 2013; Lindgren 
et al., 2011; Cadena, 2016). Elemental analysis revealed that C, Fe, and O were the three 
main elements comprising ‘osteocytes,’ which is consistent with previously published 
spectra data for various soft-tissue-structures (e.g., Cadena, 2016).  
 Although ‘osteocytes’ were commonly recovered (from many samples), only 
three vessel-like structures were isolated from a single femur (RU-EFP-6). ‘Vessels’ have 
been reported from a variety of taxa preserved in different depositional environments 
(Pawlicki and Nowogrodzka-Zagórska, 1998; Schweitzer et al., 2005a; 2007, Cadena, 
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2016); therefore, there is no clear reason to expect them to not be able to be recovered 
from the samples analyzed here. Turtle shell elements vary in their degree of 
vascularization, but some of the sampled specimens are fairly well vascularized (see 
Chapter 4). Furthermore, Cadena and Schweitzer (2012) were able to isolate well-
preserved, bifurcating ‘blood vessels’ from a tropical Paleocene-Eocene pelomedusoid 
turtle, and ‘vessels’ are also known from marine fossils (Lindgren et al., 2011). 
Consequently, the near absence of ‘vessels’ in fossils from the MFL must be due to local 
diagenetic conditions. One possibility is that fewer vascular spaces are preserved due to 
destruction of bone microstructure, thereby decreasing the probability of isolating vessel-
like structures from many of the bones. Another contributing factor may be the highly 
resistant nature of the fossil bone to demineralization by EDTA and HCl. As discussed 
earlier, it took several weeks to start to break down the bone mineral and isolate soft-
tissue structures. Perhaps this resistance does not permit larger organic structures such as 
‘blood vessels,’ to be freed as easily as the smaller, more abundant ‘osteocytes,’ due to 
their larger size.  
 Reports of preserved biomolecules (e.g., DNA, collagen I) have been met with 
skepticism (e.g., Lindahl, 1993; Austin et al., 1997). Additionally, ancient soft-tissue 
structures have been argued to be bacterial biofilms (Kaye et al., 2008). While bacteria 
may be responsible for exceptional preservation of some soft-tissue fossils (e.g., Kellner, 
1996; Trinajstic et al., 2007), there is little or no evidence that they are responsible for the 
direct preservation of cellular structures within fossil bone. Additionally, individual 
microbes are smaller than the diameter of canaliculi that house fine osteocyte filopodia 
which would limit their ability to access these small spaces to deposit biofilms (e.g., 
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Schweitzer et al., 2013, 2016). Indeed, the present study and many previous publications 
have recovered osteocytes with long, branching filopodia (Schweitzer et al., 2005a, 
Lindgren et al., 2011; Armitage and Anderson 2013; Cadena and Schweitzer, 2012, 2014; 
Cadena, 2016). However, bacteria and (mineralized) biofilms growing on the periosteal 
surface and within canals opening onto the surface may essentially seal off more internal 
bone from further penetration by microbes (e.g., Peterson et al., 2010).  
Biofilms morphologically resemble blood vessels at low magnification, but when 
viewed at higher magnification they lack a lumen (Schweitzer et al., 2016). It has also not 
been demonstrated that biofilms will retain a three-dimensional morphology once the 
mineral phase has been removed. Indeed, the complete opposite has been shown; biofilm 
structures lose all of their integrity under even minor manipulation (Schweitzer et al., 
2016). Moreover, Schweitzer et al. (2013) and Cleland et al. (2015) provided 
immunological and mass spectrometry evidence that ‘osteocytes’ and ‘blood vessels’ 
recovered from dinosaur material preserved proteins found within extant soft-tissues.  
Thus, while it would be premature to state that the soft-tissue-like structures I 
recovered are original cells and vessels because additional assays have not been 
conducted, based on their morphologies alone, it is highly unlikely that they would be 
recent biofilms. For one, the few ‘vessels’ I observed possessed a lumen and retained 
their three-dimensional structure; they did not collapse. Additionally, coliforms, which 
would include the biofilm-producing Escherichia coli (E. coli), and other bacteria could 
not be cultured from ground water samples taken from the fossil quarry (M. McDonald, 
pers. comm., 2016). 
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 Another possibility is that the vessel-like structures isolated from the femur of 
RU-EFP-6 could be fungal hyphae. The presence of Wedl-tunnels in some samples does 
indicate that bones were attacked by fungi or cyanobacteria at one point, probably when 
the bones were initially deposited on the seafloor. However, the Wedl-tunnels observed 
in the fossils only have a diameter of 5 – 10 µm. The ‘vessels’ obtained here are 
morphologically dissimilar to fungal hyphae in being of greater diameter, tapering after 
branching, and not being septate (Bartnicki-Garcia et al., 2000; Harris 2008). Thus, a 
fungal origin is not supported by morphological evidence.  
Whether the soft-tissue-like structures obtained from fossil material from the 
MFL retain original biomolecules remains uncertain. The structures are morphologically 
consistent with modern and fossil osteocytes and blood vessels and are restricted to 
osseous material that exhibits well-preserved bone microstructure. Further studies are 
needed to confirm the presence of original organics within these structures or to identify 
them as mineral pseudomorphs. Voegele (2016) demonstrated the presence of bone 
collagen type-I in the Thoracosaurus neocesariensis femur investigated here (RU-EFP-6) 
through multiple different assays, providing supporting evidence that ancient 
biomolecules are preserved in fossils from the basal Hornerstown Formation. At present, 
the soft-tissue-structures obtained here are morphologically consistent with osteocytes 
and blood vessels and a biofilm origin is not supported. However, until further study is 
conducted, it cannot be determined if these microstructures retain original organic 
material.  
 The mechanisms by which these soft-tissue structures can be preserved across 
geologic time remain unknown. Bone, as a biomineralized structure would provide some 
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protection from exogenous decay processes (Schmidt-Schultz and Schultz, 2004). 
Further, osteocytes, which are already completely entombed within bone mineral, can 
become mineralized in vivo (Bell et al., 2008). As mentioned above, mineralized bacterial 
biofilms may also help protect more internal bone from further penetration and 
degradation by other microbes (Peterson et al., 2010). This is a possibility for at least 
some fossils from the MFL, as evidenced by a (at least in part) microbially-altered 
outermost layer of bone seen in several of the thin-sectioned elements. 
Schweitzer et al. (2007, 2014) hypothesized that iron is believed to play a role in 
biomolecular preservation by inhibiting microbial degradation and/or contributing to 
free-radical-mediated fixation of tissues. Rapid mineralization (e.g., phosphatization) of 
tissues has also been proposed as a second step, after iron-triggered cross-linking, in the 
process of soft-tissue preservation (Schweitzer et al., 2007). If true, then the original 
depositional environment of the Hornerstown Formation would greatly favor the 
preservation of soft-tissues. The sediment making up the Hornerstown Formation is 
almost entirely glauconite, an iron-rich mineral. Additionally, x-ray diffraction analysis 
indicates that the bone, coprolites, wood, and potential spherules have all been preserved 
via phosphatization (as they are all preserved as fluorapatite; see Chapter 1). This is to be 
expected as seawater is supersaturated with respect to phosphate (Zhu et al., 2005). The 
abundance of iron (as evidenced by the formation of glauconite and the presence of 
pyrite) and phosphate (see Chapter 1) present within the original depositional 
environment, in addition to the inherent properties of osteocytes and bone, would thus 
favor the preservation of soft-tissues structures in fossils recovered from the Cretaceous-
Paleogene Hornerstown Formation.  
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Figure 2.1 Bone histology of the femur of Thoracosaurus neocesariensis (RU-EFP-6). 
A. Lamellar zonal bone with lines of arrested growths (white arrows). B) Close-up view 
of the periosteal surface. Note the Wedl-tunnels (white arrows) and completely altered 
outermost cortex (double-headed arrows in A and B). 
 
	  106	  
 
 
 
 
  Figure 2.2 Blood-vessel-like structures isolated from the femur of a Thoracosaurus   
  neocesariensis (RU-EFP-6). (A) Branching ‘vessel’ fragment (B, C) Straight  
  cylindrical ‘vessel’ fragments. Scale bar = 50 µm. 
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Figure 2.3 Osteocyte-like structures isolated from the femur of RU-EFP-6. A) ‘Osteocyte’ with 
long,  branching ‘filopodia’ under normal light. B) ‘Osteocyte’ exhibiting a round, stellate 
morphology under normal light. C) Embedded ‘osteocytes’ (white arrows) in a partially 
demineralized bone fragment under cross-polarized light. D). ‘Osteocyte’ with long and short 
‘filopodia’ under normal light. Scale bar = 50 µm. 
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Figure 2.4 Soft-tissue-like structures and bone histology of the tibia and humerus of a marine 
crocodile (RU-EFP-29) under normal light. A) Very poorly-preserved ?osteocyte-like structure. 
B) Short ‘osteocyte’ with short, stubby filopodia. C) Cluster of ?pyrite grains. D) Bone histology 
of the tibia. Note how the microstructure has been destroyed in most sections of the bone. White 
arrows indicate primary vascular canals in the otherwise completely altered outer cortex. 
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Figure 2.5 Osteocyte-like structures isolated from the humerus of an indeterminate sea turtle 
(RU-EFP-1031) under normal light. A) Stellate ‘osteocyte.’ B) Flattened oblate ‘osteocyte’ with a 
few long ‘filopodia.’  C) Flattened oblate ‘osteocyte’ with short, stubby ‘filopodia.’ D) Isolated 
and partially embedded ‘osteocytes.’ 
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Figure 2.6 Soft-tissue-like structures and histology of an indeterminate Taphrosphys sulcatus 
bone. A). Black, poorly-preserved elongate ‘osteocyte’ in normal light. B) same ‘osteocyte’ in 
polarized light. The structure is slightly birefringent indicating the presence of mineral either 
within or on the outer surface of the ‘osteocyte.’ C) Abundant ?pyrite grains. D) Turtle shell bone 
histology. Note that nearly all of the bone microstructure has been destroyed. Arrows indicate 
empty vascular canals and/or primary osteons. Slightly better-preserved bone lines the trabecular 
spaces that are partially filled in with a black mineral (bottom).  
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Figure 2.7 Soft-tissue-like structures and bone histology of the costal of a juvenile Taphrosphys 
sulcatus sea turtle under normal light. A) Partially embedded ‘osteocytes’. B) Flattened oblate 
(FO2) osteocyte. C) Abundant ‘osteocytes’ in solution. D) Well-preserved bone histology. 
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Figure 2.8 Soft-tissue-like structures and bone histology of an indeterminate turtle bone under 
normal light.. A) Partially embedded ‘osteocytes’ B) The bone microstructure is well-preserved 
except for the outermost ~500 µm. 
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Figure 2.9 Soft-tissue-like structures and bone histology of a Catapleura repanda costal rib-end 
under normal light. A) Flattened, oblate ‘osteocyte.’ B) Partially embedded ‘osteocytes.’ C) The 
bone histology is well-preserved as lacunae are abundant and there is little to no evidence of 
degradation. 
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Figure 2.10 SEM-EDS analyses of ‘osteocytes’ isolated from RU-EFP-6 and EDS spectra for an 
indeterminate bone fragment. A1) SEM image of an stellate ‘osteocyte’ (‘X’ indicates site of 
elemental spot analysis). A2) Close-up of the surface of osteocyte in (A1) showing the ‘wooly’ 
surface texture of this specimen. B) Small, stellate ‘osteocyte.’ C) Flattened, oblate ‘osteocyte.’ 
D) EDS spectra for the ‘osteocyte’ in 3.10A1. Carbon, oxygen, and iron are the most abundant 
elements. E) EDS spectra for an indeterminate bone fragment. Calcium, phosphorus, and carbon 
are the most abundant elements. 
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CHAPTER 3: SHALLOW MARINE VERTEBRATE COPROLITES FROM THE 
CRETACEOUS/PALEOGENE HORNERSTOWN FORMATION 
 
 
 
3.1 Abstract 
 In addition to abundant marine vertebrate skeletal remains, the Main Fossiliferous 
Layer (MFL) of the Cretaceous-Paleogene Hornerstown Formation preserves a variety of 
vertebrate and invertebrate coprolites. Previously, these specimens were identified as 
being produced by either sharks or crocodilians. However, analysis of 178 specimens 
collected from the MFL at the Rowan Fossil Quarry over a four-year period reveals the 
presence of at least seven coprolite morphotypes that were probably produced by a 
variety of organisms. Morphotypes 1 and 2 exhibit a heteropolar spiral morphology 
consistent with the feces produced by modern chondrichthyans. Morphotype 3 coprolites 
exhibit an amphipolar spiral morphology and were likely produced by bony fish with 
spiral intestinal valves. The remaining coprolites are either pellet shaped (morphotype 4), 
cylindrical (morphotypes 5 and 6) or amorphous (morphotype 7) and may have been 
produced by bony fish, crocodilians, sea turtles, or mosasaurs. The lack of identifiable 
inclusions in most of the specimens may indicate 1) a preference for soft-bodied prey or 
algae, 2) highly acidic stomach acid, 3) a prolonged gut retention time, and/or 4) 
diagenetic alteration of the fecal contents. Complete coprolites are uncommon with most 
having been broken or damaged prior to fossilization. Biological activity likely accounts 
for most of this damage as feeding traces, borings, and shallow depressions on many of 
the coprolites indicate that some organisms engaged in coprophagy or utilized the 
coprolites as a firm substrate.  
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 Analysis of scat collected from extant sea turtles indicates that some turtle feces 
are expelled as loose clumps of partially digested food that rapidly fall apart in the water 
column. Occasionally, well-formed fecal pellets may be expelled that retain their 
morphology. Most of the fresh fecal material consisted of poorly digested algae or sea-
grass. A few small indeterminate bones, a crustacean, invertebrate shell fragments, and 
sediment were also observed in some of the samples indicating either a short retention 
time or incomplete digestion of most plant material and animal hardparts. Consequently, 
turtle coprolites in the fossil record are expected to be pellet or cylindrical shaped with 
varying amounts of poorly digested plant material, shells, and/or bone. 
 
3.2 Introduction 
Coprolites, the fossilized feces of animals, are enigmatic trace fossils that have 
been studied since at least the early nineteenth century. However, many early authors 
were uncertain of the identity of these fossils and commonly misidentified them (e.g., as 
pine cones by Mantell, 1822). Buckland is often credited with igniting a “copromania” 
(Duffin, 2012; pp. 45) in the mid 1800s, as he (Buckland, 1829) was the first to identify 
these structures, from Lyme Regis, England as fossilized feces and coined the term 
coprolite. However, prior to the 1980s, most reports focused only on unusual specimens 
(Northwood, 2005). More recently, paleontologists have realized the importance of 
coprolites with respect to taphonomic and paleoecological studies (Hunt et al., 2012b). 
Within the past few decades, coprolites have been used to study the diet (Rodriguez-de la 
Rosa et al., 1998; Chin, 2007; Milàn et al., 2012), digestive efficiency (Chin et al. 1997; 
2003) and parasites (e.g., Dentzien-Dias et al., 2013; Wood et al., 2013) of their 
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producers. Coprolites have also been used in biostratigraphic (e.g., Hunt, 1992) and 
taphonomic/diagenetic (e.g., Hollocher and Hollocher, 2012) studies.  
While coprolites can provide evidence of the diet of extinct organisms, the actual 
identity of the coprolite producers can rarely be determined (e.g., Northwood, 2005). 
Studies have sought to identify the potential producer(s) of various coprolites based on 
different physical characteristics including shape, size, presence/absence of inclusions, 
and surface texture. Northwood (2005) attempted to use these parameters in a case study 
of two localities from the Arcadia Formation in Australia to determine if they were truly 
useful in producer identification. In her study, only a few coprolites could be assigned to 
a producer (i.e., basal archosauromorphs or fish) whereas most remained unidentified. 
However, the Arcadia coprolites did preserve rare organisms including fish, 
cyanobacteria, and insects that were not previously known from the locality. Coprolites 
may preserve organisms or structures that may not otherwise be preserved in a specific 
environment. Petrographic-sectioning or dissolution of coprolites have revealed the 
presence of cyanobacteria (Northwood, 2005), bone fragments and plant material 
(Rodriguez-de la Rosa et al., 1998; Chin, 2007), feathers (Wetmore, 1943), fur (Meng 
and Wyss, 1997), insect exoskeletons (Northwood, 1997; Rodriguez-de la Rosa et al., 
1998), and parasites (Dentzien-Dias et al., 2012, Wood et al., 2013). Chin et al. (2003) 
reported the presence of undigested muscle tissue, blood-vessel-like structures, and 
pachycephalosaur skull fragments within a tyrannosaurid coprolite.  
The presence or absence of soft-tissues and hard parts in coprolites is, in part, a 
function of digestion and feeding style: consuming large pieces of food and/or having a 
short gut residence time increase the likelihood that the food item will not be completely 
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digested (Canfield and Fairburn, 1983; Chin et al., 2003). Organisms such as crocodiles, 
which can retain food items in their stomach for extended periods of time, can usually 
digest most or all of the consumed soft-tissue or bone (e.g., Skoczlyla, 1978; Fisher, 
1981; Chin et al., 2003). Fisher (1981) studied the digestion of modern crocodiles and 
found that crocodiles demineralize calcified tissues while commonly leaving the organic 
matrix intact. Crocodiles can also digest tooth enamel and these ‘enamel-less teeth’ have 
been proposed as a potential diagnostic characteristic of crocodilian feces. Such teeth 
have been reported in coprolites as well (Fisher, 1981; Souto, 2010). In the fossil record, 
there is a bias towards the preservation of coprolites produced by carnivores because their 
feces already contain dissolved calcium and phosphate (from bone and teeth) which can 
recrystallize causing the specimen to become mineralized (Chin, 1997; Hollocher and 
Hollocher, 2012).  
 
3.2.1 Published Reports of Coprolites from New Jersey 
 One of the earliest reports of New Jersey coprolites was published by de Kay 
(1828), who briefly described a spiral coprolite discovered in Monmouth County. Case 
(1967, 1982) described spiral coprolites from the Upper Cretaceous of New Jersey. Other 
spiral coprolites and two possible enterospirae (fossilized intestinal contents; preserved as 
impressions) collected from the Big Brook site in New Jersey were recently described by 
Mehling (2016). Spiral coprolites from the Wenonah-Mt. Laurel and Navesink 
formations have also been described (Becker et al., 1999). Callianassid and anomuran 
(crustaceans) microcoprolites have also been documented in the Navesink Formation 
(Becker and Chamberlain, 2006) and the Wenonah or Mt. Laurel formations (Mehling, 
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2004) from Monmouth County, New Jersey. Echinoid fecal pellets have been 
documented in the Tinton, Navesink, and Hornerstown formations (Miller et al., 2010; 
Gallagher et al., 2011), although these studies measured the concentrations of fecal 
pellets across the Cretaceous-Paleogene (K/Pg) Boundary. However, I am unaware of 
any published reports of vertebrate coprolites from the Hornerstown Formation aside 
from a brief mention by Olson and Parris (1987), who simply note the presence of 
‘crocodilian’ and ‘shark’ coprolites at the Rowan Fossil Quarry (then known as the 
Inversand Company pit). 
 
3.2.2 Diets and Feces of Extant Analogues 
 The identification of the producer(s) of coprolites relies on studies of scat from 
extant organisms. The most common vertebrates within the MFL, and thus the most 
likely producers, are sea turtles, crocodiles, and sharks, a brief review of the diet and 
fecal morphology of their extant relatives is provided. 
Chelonians 
Sea turtles of different ontogenetic stages and species inhabit different marine 
environments (e.g., Bolten, 2003). Within these habitats, individuals may feed on 
different foods (see Bjorndal, 1997), including cnidarians, crustaceans, sea grass, algae, 
gastropods, and insects (Frick et al., 2009). Stomach contents of oceanic-stage 
loggerheads (Caretta caretta) indicate that they are opportunistic carnivores that consume 
oceanic and pelagic organisms including siphonophores, cnidarians, marine gastropods, 
paper nautili, insects, plant material, and even other smaller C. caretta (Frick et al., 
2009). Mollusks are also a major component of neritic-stage C. caretta diet (Lazar et al., 
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2011). Algae, sponges, tube worms, cnidarians, and gastropods are consumed by green 
sea turtles Chelonia mydas (Seminoff et al., 2002), with algae being the primary food 
item (Bjorndal, 1997). Adult Hawksbill sea turtles (Eretmochelys imbricata) are 
primarily spongivores and leatherbacks (Dermochelys coriacea) feed primarily on 
gelatinous organisms (Bjorndal, 1997). 
While a number of papers exist in the literature that describe shark and 
crocodilian feces (Williams, 1972; McAllister, 1985; Milàn, 2012, Mehling, 2016), few 
describe those from modern sea turtles. Balazs et al. (1993) described an unusual 
occurrence where thousands of C. mydas fecal pellets, up to 5 cm long and 0.5 – 2 cm in 
diameter and consisting of mostly partially digested algae, washed ashore in Hawaii over 
a 40-day period. Many of the sampled pellets remained buoyant for more than two weeks 
when kept in salt water, although in nature, most green turtle fecal pellets sink to the sea 
floor after being expelled (Balazs et al.,1993). Prey items including crabs, mollusks, and 
algae have been noted in the feces of C. caretta (Burke et al., 1993), and algae, 
polychaete tubes, sponge spicules, gastropod shell fragments in feces of E. imbricata 
(Bjorndal et al., 1985). However, food items observed in feces do not represent the entire 
diet of the individual because some items may be completely digested (e.g., Frick et al., 
2009). 
Crocodilians 
Modern crocodilians are considered ‘generalists’ or ‘opportunistic predators’ that 
consume various prey items; although diets vary between species, ontogenetic stages, and 
habitat (e.g., Magnusson et al., 1987). Young crocodilians will prey upon insects, small 
vertebrates, and crustaceans (Thorbjarnarson, 1989; Wallace and Leslie, 2008). Adult 
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Amazonian crocodilians consume mammals, snakes, invertebrates and fish (Magnusson 
et al., 1987). Subadult Nile crocodiles (Crocodylus niloticus) consume primarily fish, but 
also crustaceans, amphibians, and mammals (Wallace and Leslie, 2008) whereas 
American alligators (Alligator mississippiensis) in Florida consume turtles and other 
reptiles (Janes and Gutzke, 2002). Some crocodilians are more specialized, like the 
piscivorous gharial (Gavialis gangeticus), with its narrow, elongate snout (Singh and 
Bustard, 1982).  
 Extant crocodilian feces have been examined with the goal of being able to 
identify crocodilian coprolites in the fossil record. Fisher (1981) examined the digestive 
efficiency of extant crocodilians (Alligator mississippiensis and Caiman crocodilus) and 
found that they decalcify bone and teeth, leaving behind only the organic matrix. Milàn 
(2012) described 17 fecal samples collected from 10 extant species including gavials, 
caimans, and crocodiles. Morphologically, crocodylian feces are cylindrical to tapering 
with rounded ends and are often slightly bent, likely from impact upon the ground 
(Milàn, 2012). While bones and teeth contained therein are fully decalcified (Fisher, 
1981), less digestible food items including mammal fur, bird feathers, fish and reptile 
scales, and insect chitin can survive digestion and have been observed in the feces of the 
Mugger crocodile, Crocodylus palustris, and the American crocodile, C. acutus 
(Whitaker and Whitaker, 1989; Casas-Andreu and Quiroz, 2003). However, the 
piscivorous gavials completely digest fish bones and scales (Milàn, 2012).  
Chondrichthyans 
 Sharks are opportunistic carnivores and consume a variety of prey. Pethybridge et 
al. (2011) recorded several species of cephalopods, teleosts, crustaceans, elasmobranchs, 
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and marine mammals in the guts of various dogfishes and catsharks. Several large sharks 
are known to prey upon sea turtles (e.g., Heithaus et al., 2008 and references therein). 
The diets of deep-sea chimaeroids vary between different species and between different 
size classes of the same species (Mauchline and Gordon, 1983). Sea anemones, 
amphipods, echinoderms, decapod crustaceans, polychaetes, benthic mollusks, sea stars, 
squid, gastropods, and fish were reported as gut contents in Chimaera monstrosa, C. 
lignaria, Hydrolagus mirabilis, and Harriotta raleighana (Mauchline and Gordon, 1983 
and references therein; Pethybridge et al., 2011).  
 The feces of chondrichthyans are rather unique in that they have a heteropolar 
spiral morphology, the result of their spiral intestinal valves (Williams, 1972; McAllister, 
1985).  
 
3.3 Materials and Methods  
 Approximately 178 coprolites were collected over a four-year period from the 
Main Fossiliferous Layer (MFL) of the Hornerstown Formation exposed at the Rowan 
Fossil Quarry in Sewell, New Jersey. The MFL is a shallow marine bonebed that contains 
at least two-dozen vertebrate taxa including bony fish, sharks, sea turtles, crocodiles, and 
mosasaurs (Gallagher, 2003). Several qualitative characteristics were described for each 
coprolite including color, external morphology, terminal end shape, presence/absence of 
inclusions, degree of flattening, external impressions, bioerosion, geochemistry, 
breakage, dessication, and abrasion. Quantitative measurements included length, 
diameter, circumference, and mass. Length and diameter were measured using a digital 
caliper and circumference was measured using a plastic metric tape measure. Mass was 
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measured using a Mettler Toledo AG135 digital balance. Prior to weighing, sediment was 
removed from the surface and/or any voids. Surface inclusions were photographed using 
a Leica EZ4HD microscope with a built-in camera that runs Leica Acquire 1.0 software. 
 
3.3.1 Terminology for Spiral Coprolites 
 Terminology for the spiral coprolites follows Neumayer (1904), Hunt and Lucas 
(2012), and Hunt et al. (2012a). Neumayer (1904) recognized two main types of spiraled 
coprolites, heteropolar (spirals concentrated at one end) and amphipolar (spirals evenly 
spaced along the entire specimen). Heteropolar coprolites can be further subdivided into 
micro- and macrospiral coprolites. If the spirals (posterior spire) make up less than 50% 
of the total length, the coprolite is considered microspiral heteropolar; greater than 50% 
would be macrospiral heteropolar (Hunt et al., 2012a, Fig. 6). The orientation of spiral 
coprolites follows Hunt and Lucas (2012) in which the coprolite is illustrated with the 
long axis vertical and the tightly coiled end downwards. See Figure 3.1 for an illustrated 
depiction. 
 
3.3.2 X-Ray Diffraction (XRD) of Fossil Specimens 
 A small fragment from RU-EFP-739, a large cylindrical coprolite, two bone 
fragments, wood, and sediment were taken for bulk x-ray diffraction (XRD) analysis at 
the University of Pennsylvania. Approximately 1-2 g of the specimens were powderized 
using an SPEX tungsten carbide Mixer-Mills (model #8000) for 10 minutes. The 
powdered samples were analyzed using a Phillips X'Pert diffractometer (#DY1738). A 
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full description of this method is given in Chapter 2. The software HighScore Plus v. 3.0e 
was used to identify the mineralogy of the sample. 
 
3.3.3 Petrographic Thin-Sections  
Several coprolites representing the different morphotypes were sectioned for 
petrographic analysis using standard sectioning techniques (e.g., Chin, 2002; 2007b).  
 
3.3.4 Modern Fecal Samples 
 Fecal samples from extant turtles and a crocodile were obtained for descriptive 
analysis. The Philadelphia Zoo provided a single fecal sample each from a Nile crocodile 
(Crocodylus niloticus) and a Galapagos tortoise (Chelonoidis nigra). Sea turtle fecal 
samples were collected by volunteers at the North Carolina Aquarium on Roanoke Island 
and the Karen Beasley Sea Turtle Rescue and Rehabilitation Center in North Carolina. 
The diet and number of days in captivity were provided with the sea turtle fecal samples. 
  
3.4 RESULTS 
 
3.4.1 Fecal Samples from Extant Turtles 
 Based on observations of captive sea turtles, fecal material is commonly expelled 
as loose aggregates of fluffy, ragged pieces of food that are quickly broken down in the 
water column (C. Harms, pers. comm., 2015). The collected sea turtle fecal samples were 
mostly unformed, liquidy concentrations of aquatic plant material with occasionally a few 
other food items or bits of plastic. However, a single specimen was intact and well-
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formed (Table 3.1, Figure 3.2C). Unformed fecal samples consisted mainly of long pieces 
of poorly digested aquatic plant material. Other food items include poorly digested 
sponge fragments, fish bones, and an indeterminate crustacean. Quartz grains and 
invertebrate shell fragments were observed in a few samples. The shell fragments were 
well rounded, although this may have been the result of prior mechanical abrasion and 
not digestion. The single well-formed fecal sample was composed primarily of poorly 
digested sea-grass with a few Interbedded quartz grains. The specimen was cylindrical 
with tapered ends, and was folded in half, although this may have occurred during 
collection (Figure 3.2C). The Galapagos tortoise fecal sample consisted of a large ovoid 
mass of undigested dry grasses (Figure 3.2B). 
 
3.4.2  Fecal Sample from a Nile Crocodile 
 The well-formed C. niloticus fecal sample was elongate and cylindrical with 
rounded ends and is consistent with previously reported crocodilian feces. The surface 
had a smooth, wrinkled appearance with quartz sand grains adhered to one end (Figure 
3.2A). A slight bend was apparent. This bend and the sediment are likely the result of 
defecation in the dry sandy area of their enclosure. Internally, the sample consisted 
entirely of gray rat fur.  
 
3.4.3 Coprolites from the MFL 
Within the Main Fossiliferous Layer (MFL) of the Hornerstown Formation, 
vertebrate coprolites are relatively abundant (1.16 specimens per square meter). 
Recovered coprolites vary in size, morphology, color, completeness, and the presence of 
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inclusions. Echinoid fecal pellets are abundant in the Hornerstown Formation, especially 
in the MFL where their concentration increases significantly (e.g., Miller et al., 2010; 
Gallagher et al., 2011; Esmeray-Senlet et al., 2015). However, they are not discussed any 
further here. The coprolites were grouped into different morphotypes based primarily on 
their size, overall morphology, and by the type(s) of inclusions present, if any. While 
grouping based on morphological features allows for comparison and interpretation of 
biological affinities (Schmitz and Binda, 1991), it does not necessarily allow for the 
identification of the producer. This is because very closely related animals may produce 
very different shaped feces whereas unrelated organisms may produce similar feces 
(Schmitz, 1989). A single individual may also produce different shaped feces depending 
on diet (e.g., Thulborn, 1991; Hunt et al., 1994). At least seven different coprolite 
morphotypes are recognized form the MFL. However, because of the fragmentary nature 
of many of the specimens, it was difficult to assign many of the 187 coprolites analyzed 
to a specific morphotype. When possible, the original morphology was inferred; 
otherwise the specimens were considered amorphous or indeterminate.   
Morphotype 1: Large Heteropolar Microspiral Coprolite  
Only one specimen belonging to this morphotype was recovered during the 
current ongoing excavation. RU-EFP-570 is an essentially complete, large heteropolar 
microspiral coprolite with approximately five coils preserved (Figure 3.3A). The 
specimen is missing only a few fragments from the posterior end and the anterior lip. RU-
EFP-570 is one of only a few coprolites to contain identifiable inclusions. Fish vertebrae, 
fin spines, scales, and indeterminate bone fragments present both on the surface 
(primarily on the first coil) and between coils in addition to a few scattered glauconite 
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grains on the surface (Figure 3.4A, B). The fish elements exhibit rounded edges and some 
loss of surface bone as the result of gastric digestion whereas the scales are better 
preserved. Some of the surface of the specimen is missing, possibly due to bioerosion. A 
few smooth-walled cylindrical depressions are also present and may represent: 1) 
invertebrate borings, 2) the location of food items that have subsequently been lost, or 3) 
voids from escaped gas bubbles. 
Morphotype 2: Heteropolar Spiral Coprolites 
 While large heteropolar spiral coprolites are rare, smaller ones are quite common 
(n = 71) in the MFL, though they are commonly incomplete. Here, I subdivided 
morphotype 2 specimens into two main groups: 2a) ‘typical’ spiral coprolites, and 2b) 
flattened spiral coprolites.  
Morphotype 2a: ‘Typical’ Heteropolar Spiral Coprolites 
 The abundant (n = 65) morphotype 2 coprolites (Figure 3.3B, C) exhibit a 
heteropolar spiral morphology. However, they are rarely complete, usually missing the 
more posterior coils. Of the more complete specimens, six of them are classified as 
macrospiral coprolites because the posterior spire makes up more than 50% of the total 
length of the specimen. Based on measurements of the more complete specimens, 
morphotype 2a coprolites average ~ 21 mm in anteroposterior length with the largest 
specimen being 41.7 mm long. The average maximum diameter is 17.8 mm and the 
average circumference is 47.4 mm. Cross-sectional shape varies from strongly ovoid to 
nearly circular. While the large morphotype 1 coprolite is light-tan to dull purple-brown 
in color, morphotype 2a coprolites are generally a dark-brown or dark purple-brown 
color. Inclusions are rare, with only four specimens exhibiting one or a few fish bones. 
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Additionally, faint longitudinal grooves are present on the surface of the coils. These 
shallow grooves tend to be parallel or sub-parallel to the long-axis of the specimens. 
Morphotype 2b: Flattened Heteropolar Coprolites 
A few (n = 6) heteropolar spiral coprolites are flattened to varying degrees (Figure 
3.3C). The two most strongly flattened specimens are RU-EFP-1500 and RU-EFP-1502, 
which were found within half a meter of one another. RU-EFP-1502 has a length of 56.86 
mm and a width of 26.86 mm, but a depth of only 6.75 mm. Although closely associated, 
the two specimens do not appear to belong the same coprolite as they are different colors 
and the broken edges do not match up.  
 Flattening may affect the entire specimen (e.g., RU-EFP-1502, RU-EFP-583) or 
only one end (e.g., RU-EFP-1115, RU-EFP-1515). Many of the specimens have shallow 
depressions on the surface as well as embedded glauconite grains. The shallow 
depressions are interpreted as where sediment was pushed into the original soft fecal 
material. Similar to morphotype 2a coprolites, prey item inclusions are rare; only one 
small indeterminate bone fragment was observed on the surface of RU-EFP-583. 
Morphotype 3: Amphipolar Spiral Coprolite 
 Amphipolar coprolites are rare with only one definitive specimen (RU-EFP-1046; 
Figure 3.3D). Another specimen, RU-EFP-1253, consists of approximately three evenly 
spaced spirals that more resembles an amphipolar, rather than a heteropolar, spiral 
morphology. However, neither end is preserved so this specimen cannot conclusively be 
identified as amphipolar. A few other spiral coprolites preserved spirals that extend for at 
least 50% of the length of the specimen, but again these are all incomplete. It is uncertain 
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if these specimens originally had spirals that extended the majority (> 75%) of the length 
of the coprolite, and are presently considered heteropolar macrospiral coprolites.  
 RU-EFP-1046 is a dull purple-brown, incomplete, amphipolar coprolite consisting 
of at least three wide, evenly spaced coils. The specimen is 33.1 mm in length, 14.77 mm 
in diameter, and 45 mm in circumference. RU-EFP-1046 is essentially circular in cross-
sectional view. Similar to most of the heteropolar spiral coprolites, faint longitudinal 
grooves are present on the coils.  
Morphotype 4: Pellet  
 Only one specimen was identified as a morphotype 4 coprolite. The pellet is a 
short, somewhat cylindrical, coprolite with slightly rounded ends (Figure 3.3E). RU-EFP-
1336 is tan in color with small dark brown or black specks (i.e., surface inclusions) on the 
surface. Damage (?tooth mark) to one side indicates that the pellet consists of a light-
colored, fine-grained homogenous groundmass.  
Morphotype 5: Small Elongate Cylindrical Coprolites 
Elongate and cylindrical coprolites (morphotypes 5 and 6) are abundant in the 
MFL and probably correspond to the ‘crocodilian coprolites’ mentioned by Olson and 
Parris (1987). These cylindrical coprolites can be subdivided into two main size 
categories: small (Morphotype 5) and large (Morphotype 6).  
 Coprolites assigned to morphotype 5 are morphologically similar to those of 
morphotype 6, but are much smaller (in all dimensions) and typically straighter. Overall, 
they are cylindrical with either rounded or tapered ends. Most of the specimens assigned 
to this category are incomplete, thus the true length is hard to determine. The longest 
complete specimen is C-3-X1 with a length of 26.23 mm and a circumference of 16 mm. 
	  130 
Color-wise, most specimens are light-brown to brown whereas fewer are dull, blackish-
brown. The presence of surface inclusions varies, but most have a few small, round, 
brown or black specks of ?bone or some other indeterminate inclusions. A few coprolites 
lack any inclusions while others have small fish bones or bone fragments present. The 
specks and bone fragments may be present within the coprolites as well, as evidenced by 
their presence on broken internal surfaces. Overall, the diameter of individual coprolites 
is maintained although some specimens exhibit possible sphincter constrictions. 
Morphotype 6: Large Cylindrical Coprolites 
 Besides the single large heteropolar spiral coprolite (morphotype 1), morphotype 
6 specimens (e.g., Figure 3.3G) are some of the largest coprolites collected from the 
MFL. Morphotype 6 coprolites (n = 25) generally have an elongate, cylindrical or 
kidney-shaped morphology and average ~ 42 mm in length and ~24 mm in diameter. 
However, they are rarely complete. Like the smaller cylindrical coprolites (morphotype 
5), surface inclusions consist almost solely of small black or brown specks (Figure 3.4C) 
of an indeterminate substance, possibly bone or fish scales. Only three specimens 
assigned to this morphotype have identifiable fish bone inclusions. Overall, the surface 
may be fairly smooth and non-descript or may exhibit circumferential or oblique shallow 
grooves. RU-EFP-526 is one of the more well-preserved and complete coprolites with an 
elongate shape with slightly rounded ends. The specimen has a slight curve of ~140º 
which falls within the range of 120-150º reported by Milàn (2012) in modern and fossil 
crocodilian feces. This coprolite also preserves faint longitudinal striations/furrows across 
most of the surface and two tooth marks (discussed later). 
Morphotype 7: Amorphous or Indeterminate Coprolites 
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 This morphotype (e.g., Figure 3.3H) category serves as a wastebasket for 
coprolites that do not fit neatly into other categories because they are irregularly shaped 
and/or too incomplete to determine the original morphology. The presence and type of 
surface and/or internal inclusions varies significantly. When present, inclusions may 
consist of unidentifiable specks, bone fragments, or clusters of complete fish bones.  
 
3.4.4 Inclusions 
 The presence of inclusions is not related to the size of cylindrical coprolites, as 
the smallest and largest specimens have unidentifiable small brown specks of material on 
the surface and internally (Figure 3.4C). Small fish bones are also present in a few small 
(morphotype 5) and large (morphotype 6) cylindrical coprolites. Among the spiral 
coprolites, amphipolar (morphotype 3) and small heteropolar (morphotype 2) coprolites 
lack visible surface inclusions whereas the single large heteropolar coprolite (RU-EFP-
570) has abundant, well-preserved fish remains (Figure 3.4A, B). While the sample size 
is small (n = 1) for morphotype 1 coprolites, two other large specimens (one uncataloged 
Rowan specimen and one in private collection) also contain fish bones. When fish bones 
are present in coprolites, they are generally well-preserved, although the edges are 
rounded from digestion.  
 
3.4.4 Surface Features, Adhesions, and Bioerosion 
 Original surface features like folds, grooves, and striations are variably preserved. 
Spiral coprolites commonly preserve impressions of the intestinal mucosal folds (sensu 
McAllister, 1985) on their outer surface (Figure 3.5A1, 2). These grooves may be faint or 
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more-deeply incised and are usually parallel or sub-parallel to the long-axis of the 
specimen. Longitudinal grooves or striations are present on at least one of the large 
cylindrical coprolites (Figure 3.5D), suggesting that this particular specimen was 
produced by an archosaur (e.g., Northwood, 2005). The striations are faint but extend 
along the entire length of the specimen. The surface of several other cylindrical coprolites 
is a mixture of smooth and rough areas (Figure 3.5B), both of which appear to be original 
features (i.e., not taphonomic). Sediment adhesion is uncommon and when present, the 
extent is variable. Clay and glauconite grains are present on the surface of several 
heteropolar (morphotype 2), amphipolar (morphotype 3), cylindrical (morphotypes 5 and 
6; Figure 3.3G), and amorphous (morphotype 7) coprolites. Typically the glauconite 
grains are either embedded in the clay matrix or within the coprolite itself. In some 
instances, shallow depressions are present where sediment was apparently pressed into 
the coprolite. The absence of sediment within the interior of most broken coprolites 
suggests the sediment did not pass through the digestive tract but instead was embedded 
upon impact with the seafloor. 
Evidence of (potential) bioerosion and/or coprophagy is present on ~40% of 
specimens, mostly in the form of shallow pits (Figure 3.5B) and burrows or borings 
(Figure 3.5C). Scores are also present on at least a few of the specimens (Figure 3.5B). 
The most striking specimen is RU-EFP-526, an elongate coprolite with longitudinal 
striations that exhibits two apparent tooth marks on opposite sides of the specimen 
(Figure 3.5D). The depressions have a wide shallow floor and irregular edges. Thin, 
irregular, hairline cracks radiating from both depressions indicating that the damage 
occurred when the specimen was still soft. Because the tooth marks do not penetrate deep 
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into the coprolite and because the specimen is otherwise well-preserved, the animal that 
bit into it likely did so unintentionally or as an exploratory bite. A common feature of the 
small heteropolar spiral coprolites is the presence of microscopic pores on the outer 
surface that are infilled with clay (Figure 3.5A2). It is not clear if these voids are 
microborings or if they are where gas bubbles, produced by decay processes, escaped. 
 
3.4.5 Completeness 
 Very few of the coprolites are complete. Spiral coprolites usually consist of the 
anterior end and a few coils (e.g., Figure 3.3B). Cylindrical coprolites (morphotypes 5 
and 6) are typically broken transversely so that only one end is preserved. However, it is 
possibly that some of this breakage occurred during excavation. Larger cylindrical 
coprolites also commonly exhibit damage to one side with the other side remains intact 
and well-preserved. The incomplete surfaces have a rough, irregular texture indicating 
that the damage occurred prior to fossilization, possibly as the result of extensive 
bioerosion.  
 
3.4.6 Abrasion 
 Abrasion is rare and primarily affects non-spiral coprolites (e.g., Figure 3.3H). In 
many specimens, broken edges are rounded and sometimes polished. It is unclear if the 
rounding was produced by mechanical abrasion or biological activity. However, at least 
six coprolites exhibit an overall smooth, well-rounded morphology that is more consistent 
with mechanical abrasion. 
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3.4.7 Geochemistry 
 A fragment of RU-EFP-739 (morphotype 6), two bone fragments, a wood 
fragment, and sediment were studied using x-ray diffraction. The bulk mineralogy of the 
coprolite, bone, and wood is fluorapatite whereas the sediment is glauconite (Figure 3.6).  
 
3.4.8 Petrographic Thin-Sectioning 
 Several different coprolites were processed into petrographic thin-sections 
including two heteropolar spiral coprolites (morphotype 2), two pellets/small cylindrical 
coprolites (morphotypes 4 and 5), and a large cylindrical coprolite (morphotype 6). The 
groundmass of some of the sections consisted of a rather homogenous microcrystalline 
matrix (Figure 3.7A). In petrographic thin-section, the small brown structures observed 
on and within many of the cylindrical coprolites are yellow-orange colored structures that 
may be bone or fish scale fragments (Figure 3.7A). Longitudinal petrographic thin-
sections of morphotype 2 specimens (e.g., RU-EFP-608) reveal the typical nested-cone 
internal structure of spiral coprolites. In some areas, a dark, undulating pattern (Figure 
3.8A,B) is developed that resembles the ‘mucosal folds’ described by Williams (1972). 
Small black circular structures are common and may be pyrite grains, which are common 
in thin-sections of fossil bone from the site. Small circular voids are also present in areas 
and may be related to the tiny pores on the surface of many spiral coprolites. 
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3.5 Discussion 
 
3.5.1 Coprolite Preservation and Taphonomy 
Vertebrate coprolites are rather abundant in the MFL with at least one specimen 
per square meter. Whereas biomineralized structures like bones, teeth, and shells have an 
inherently higher preservation potential because they are mineralized (Kidwell and 
Holland, 2002; Schmidt-Schultz and Schultz, 2004), labile structures including soft-
tissues and feces degrade relatively quickly (Chin et al., 2003). Consequently, rapid 
mineralization and/or burial are required in order for them to be preserved (e.g., 
Hollocher and Hollocher, 2012). Taphonomic and sedimentological data from the site 
indicates that the rate of sediment deposition was relatively slow but continuous (e.g., 
Obasi et al., 2011). Therefore, early mineralization of the coprolites, before complete 
degradation (sensu Briggs, 2003), was probably necessary for their long-term survival. 
All of the spiral coprolites and at least some of the cylindrical coprolites were produced 
by carnivorous organisms as evidenced by the presence of fish bones or bone fragments 
within many of the specimens. The cylindrical specimen sampled for XRD analysis is 
composed of fluorapatite. Commonly, phosphatic coprolites are interpreted as being 
produced by carnivores that consume bone, teeth, and scales. These hardparts are rich in 
phosphate which ends up in the feces of the organism and can then be recrystallized 
leading to the mineralization of the feces (Chin, 1997; Hollocher and Hollocher, 2012). 
However, it is also possible that microbially-mediated phosphatization of the coprolites 
occurred, or that the phosphate was derived from decaying organic material in the 
surrounding environment. This may be the case in this locality as the MFL is thought to 
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represent a mass-death assemblage related to the K/Pg impact event (see Chapter 2, but 
also Gallagher 2002, 2003; Obasi et al., 2011). In this scenario, animals would die over a 
prolonged period of time as a result of dramatic environmental disturbances and a crash 
in primary productivity. Decay of numerous carcasses on the seafloor would provide the 
surrounding environment with phosphate, which could be utilized by microbes. The 
phosphatic nature of the fossilized wood recovered from the MFL also supports the 
hypothesis that the local environment was rich in phosphate and that dietary phosphate in 
the feces was not necessary for preservation of coprolites. A majority of the examined 
coprolites were incomplete, having been broken prior to extensive mineralization as 
evidenced by the lack of straight, transverse breaks. While the spiral coprolites are 
typically missing the posterior ends, large cylindrical coprolites are usually fragmented 
and commonly have extensive damage to one surface. It is hypothesized that, after being 
defecated, fecal material would sink to the seafloor where it could be utilized by various 
organisms including coprophages. Many of the coprolites exhibit pitting and scoring, 
which are also commonly seen on fossil bone from the MFL as well as possible burrows 
or borings. When extensive damage is present, it usually only affects one surface, while 
the other surface(s) are relatively intact and well-preserved. The better-preserved areas 
likely represent the parts of the coprolite that were in contact with the seafloor. The more-
exposed portions could be utilized as a food source and/or firmground substrate by 
invertebrates, cyanobacteria and/or other organisms. This bioerosion would account for 
the destruction and abraded nature (e.g., Davis, 1997) of some of the coprolite surfaces. 
However, at least a few coprolites (morphotype 2b) appear to have been buried soon after 
being defecated based on their flattened morphology and presence of clay and embedded 
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sediment. In at least one instance, a ?crocodilian coprolite was bitten by an unknown 
vertebrate, most likely a crocodile or mosasaur based on the shape of the tooth 
impressions. If so, this would be only the fourth report of a coprolite preserving bite 
marks; the others being coprolites with bite marks from sharks (Godfrey and Smith, 
2010) or a gar (Godfrey and Palmer, 2015).   
 
3.5.2 Possible Producers of Cylindrical Coprolites 
Numerous taxa including six crocodilians, eight turtles, several cartilaginous and 
bony fishes, and at least one mosasaur are present within the MFL (Gallagher, 2003). 
Therefore, there are several other potential producers in addition to crocodiles and sharks. 
The crocodilians present within MFL exhibit differences in skull shape and tooth 
morphology, indicating a difference in diet. The two most common crocodilians in the 
MFL, Thoracosaurus neocesariensis and Hyposaurus rogersii, have narrow, elongate 
snouts and narrow, pointed teeth (pierce tooth guild of Massare, 1987); which are similar 
to the extant gavial, which feeds on fish. Based on its short blunt teeth (crushing tooth 
guild of Massare, 1987), Bottosaurus harlani is here considered a durophagous 
crocodilian that fed on hard-shelled organisms like clams, oysters, ammonites and/or 
potentially turtles. The teeth of Mosasaurus hoffmanni fall within the cut guild (Massare, 
1987), indicating a diet of large fish and other reptiles.   
 The presence of complete, well-preserved fish bones in a few of the cylindrical 
coprolites (morphotypes 5 and 6) indicates that not all were produced by crocodilians 
because bone can be completely demineralized in crocodile guts (Fisher, 1981). Intact, 
well-preserved fish bones are also present in a few fragmentary coprolites as well. 
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Therefore, the most likely producers of these coprolites are either bony fish or sea turtles. 
Based on abundance, the bony fish Enchodus ferox and the sea turtles Catapleura 
repanda and Taphrosphys sulcatus are the most likely producers. Kear (2006) described 
gut contents and probable coprolites of small protostegid sea turtles from the Lower 
Cretaceous of Australia. Both the coprolites and gut contents consisted of masses of 
fragmentary bivalve shells that exhibited little evidence of digestion by stomach acid. 
Additionally, my analysis of extant turtle fecal material also suggests that sea turtles 
cannot efficiently digest tougher food items like plant material and vertebrate and 
invertebrate hardparts. Consequently, the presence of poorly digested fish bones would 
not be unexpected in turtle coprolites. Mosasaurs may also have produced some of these 
coprolites, although skeletal remains are scarce within the MFL (see Chapter 2). Lindgren 
et al. (2010) described an exceptionally well-preserved mosasaur from the Niobrara 
Chalk Formation of Kansas that contained densely packed, partially digested fish bones 
in the digestive tract (probably in the anterior portion of the intestines). Based on this 
enterospirae, it would be expected that mosasaur coprolites would contain abundant, 
partially digested prey items (at least bones) as well.  
 The majority of the cylindrical coprolites cannot be confidently assigned to a 
specific producer, as crocodilians, sea turtles, or large bony fish are all potential 
producers. As discussed above, crocodilians can completely demineralize bone and teeth, 
leaving behind only the organic matrix. While many of the cylindrical coprolites lack 
readily identifiable bone material, this does not necessarily imply that they were 
produced by crocodiles, because the producer may have fed on soft-bodied organisms. 
However, at least one or two morphotype 6 coprolites appear to have been expelled by a 
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crocodile. RU-EFP-526 is a complete, oblong, slightly curved cylindrical coprolite with 
faint longitudinal grooves running along the outer surface, and rounded ends. No 
identifiable inclusions are present on the outer surface or where the internal contents are 
exposed.  Another fragmentary specimen (RU-EFP-1060) is the rounded end of a 
cylindrical coprolite. Close examination of some of the intact surface reveals the presence 
of a few faint longitudinal grooves. Longitudinal striations have been reported in feces of 
living crocodilians such as the slender-snouted crocodile (Crocodylus cataphractus) and 
Chinese alligator (Alligator sinensis) as well as in purported crocodilian coprolites 
(Young, 1964; Northwood, 2005; Milàn, 2010; 2012). The small dark specks of material 
in most morphotype 4, 5, and 6 coprolites cannot be confidently identified, but are most 
likely strongly digested bone or scale fragments. They are not sediment grains as the 
Hornerstown Formation consists almost entirely of glauconite, a green mineral. The small 
fragments are also unlikely to be shell fragments because invertebrate shell material is 
not preserved in the MFL. Instead, invertebrates are preserved as internal molds as the 
calcium carbonate shell has dissolved away. Therefore, calcium carbonate shell 
fragments on the surface of coprolites are not expected to be preserved either. X-ray 
diffraction analysis of one of the cylindrical coprolites (RU-EFP-739) indicates that they 
are preserved as fluorapatite. The phosphatic nature of this specimen may imply that the 
producer was carnivorous as consumed bone and teeth are rich in phosphate leading to 
phosphatic feces (e.g., Chin, 2002; Northwood, 2005; Hollocher and Hollocher, 2012). 
However, as discussed above, the phosphate may have come from the surrounding 
environment.   
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3.5.3 Possible Producers of Spiral Coprolites 
Spiral coprolites are produced by fishes with a spiral intestine (e.g., Williams, 
1972; McAllister, 1985). Sharks, with their more complex spiral valves, produce 
heteropolar coprolites whereas amphipolar coprolites are produced by fishes (e.g., gars 
and lungfish) that have a simple spiral valve (Williams, 1972; Chin, 2002). Of the fish 
taxa known from the MFL, several could have produced the spiral coprolites including 
five sharks (Odontaspis cuspidata, Cretolamna appendiculata, Squalicorax pristodontus, 
cf. Hexanchus sp., Sphenodus lundgreni), three rays (Myliobatis cf. leidyi, Rhombodus 
levis, Rhinoptera sp.), three chimaeroids (Edaphodon stenobyrus, E. mirificus, Ischyodus 
thurmanni), and, possibly the sturgeon, Acipenser. Odontaspis teeth are the most 
abundant chondrichthyan remains, thus they may have produced a majority of the small 
heteropolar spiral coprolites. Whereas the morphotype 1 coprolite preserved abundant 
fish bones, identifiable prey items were rare in the smaller morphotype 2 heteropolar 
coprolites. The lack of surface inclusions in most of the heteropolar coprolites can be 
explained in a few ways: 1) they were simply overlooked; 2) the producers did not 
consume bony fish; or 3) the producers were able to break down or digest bones more 
completely. It is possible that some were overlooked because of how similar in color the 
coprolite groundmass and potential fish bone inclusions are in several specimens. For 
instance, in RU-EFP-583, the small inclusion is only distinguishable because it had a 
different surface texture than the surrounded groundmass (smooth vs. pitted). Based on 
the relative abundance of fish fossils in the MFL, the most likely producers of the spiral 
coprolites are sharks (specifically Odontaspis appendiculata) and/or chimaeroids that 
preyed upon fish. Sharks also predated or scavenged sea turtles (see Chapter 2), 
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crocodilians (Boles and Lacovara, 2013), and dinosaurs (Schein et al., 2012). The single 
amphipolar coprolite was produced by an unknown bony fish.  
 
3.6 Conclusions 
 The MFL preserves an abundance of vertebrate skeletal material as well as 
coprolites. While there are over 24 vertebrate taxa known from the bonebed (Gallagher, 
2002), no single species can be identified as the producer of any of the coprolites. 
However, based on the relative abundance of vertebrate fossils, the most likely producers 
of certain coprolites can be hypothesized. Odontaspis cuspidata shark teeth are the most 
common chondrichthyan remains in the MFL and this taxon is proposed to be the 
producer of most of the small heteropolar spiral coprolites. Piscivorous sea turtles, 
mosasaurs, or large bony fish may have produced the cylindrical coprolites that contain 
poorly-digested fish bones. Catapleura repanda and Taphrosphys sulcatus are the most 
commonly recovered sea turtles from the MFL, but their diets are unknown. Turtles, if 
carnivorous, and mosasaurs are expected to produced coprolites with poorly digested 
bone and shell fragments based on analysis of extant turtle feces and definitive turtle gut 
contents and coprolites. The majority of the cylindrical coprolites exhibit small, heavily 
digested ?bone fragments and these may have been produced by crocodilians or large 
bony fish. Coprolites at this locality were clearly utilized by various organisms as 
evidenced by feeding traces (?coprophagy), pitting, burrows, and borings. However, the 
coprolites had to be fossilized soon after being deposited. Rapid phosphatization is 
indicated by some of the better-preserved specimens (e.g., RU-EFP-526) and by the 
abundance of spiral coprolites. Observations of fecal material expelled by extant fish with 
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spiral valves reveals that they expel coiled feces but that they start to unravel within 
hours or days (Williams, 1972). Coprolites can provide an invaluable source of 
information about ancient ecosystems as well as preserving a range of biogenic 
components that may otherwise not be preserved in the depositional environment. As this 
is the first extensive study of coprolites from the MFL, many avenues of research are still 
available to pursue with regards to the paleoecology, taphonomy, and diagenesis of this 
important fossil layer.  
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Figure 3.1 Terminology and orientation of spiral coprolites used in the current study (from Hunt 
and Lucas, 2012). AC: anterior coil, C: coil, L: lip, PS: posterior spire. 
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Figure 3.2 Fecal samples from an extant: A) Nile crocodile (Crocodylus niloticus) from the 
Philadelphia Zoo; B) Galapagos tortoise (Chelonoidis nigra) from the Philadelphia Zoo; and C) 
unknown sea turtle from North Carolina. Scale bars = 5 cm.
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Figure 3.3 Seven coprolite morphotypes. A) Morphotype 1: Large, heteropolar spiral (RU-EFP-
570); B) Morphotype 2A: ‘Typical’ heteropolar spiral (RU-EFP-719); C) Morphotype 2B: 
Flattened heteropolar spiral (RU-EFP-776); D) Morphotype 3: Amphipolar spiral (RU-EFP-
1046); E) Morphotype 4: Pellet (RU-EFP-1336); F) Morphotype 5: Short, cylindrical; G) 
Morphotype 5: Large, cylindrical, note the clay and greensand on the left side (RU-EFP-1020); 
H) Amorphous/Indeterminate(RU-EFP-1382). Scale bar = 2 cm
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Figure 3.4 Coprolite surface inclusions. A, B) Morphotype 1 coprolite (RU-EFP-570) with well-
preserved, but slightly rounded fin spine (A) and vertebra (B). C) Morphotype 6 coprolite (RU-
EFP-1187) with small, rounded ?bone fragments (arrows). Scale bars on left = 1 cm. Scale given 
in callouts. 
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Figure 3.5 Surface features and bioerosion. A1) Morphotype 2 coprolite (RU-EFP-719) with 
impressions of “mucosal folds” running parallel or subparallel to the long axis. A2) Microscopic 
(~ 100 µm) clay-filled pores on the surface of a morphotype 2 coprolite. B1) Morphotype 6 
coprolite (RU-EFP-739) smooth and rough surface texture. B2) close-up view of B1 pitting and 
scoring (arrows) produced by unknown organisms. C) Possible boring (arrow) in a coprolite. D) 
Morphotype 6 coprolite (RU-EFP-526; 2 views) with longitudinal striations (white arrow) and a 
tooth puncture mark on either side. Note the faint hair-line cracks radiating from the tooth mark 
(black arrows). Scale bar = 1 cm.
	  148 
 
 
 
Figure 3.6 X-ray diffraction patterns. A) Comparison of XRD patterns for a morphotype 6 
coprolite (RU-EFP-739) and two fossil bone fragments from the MFL. The major peak around 32 
Theta is for fluorapatite. The coprolite and bones exhibit the same XRD pattern indicating a 
similar mineralogy (i.e. fluorapatite). B) XRD pattern for only RU-EFP-739. 
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Figure 3.7 Petrographic thin-section of a morphotype 6 coprolite (RU-EFP-1018). Note the 
microcrystalline groundmass. The orange structures may be bone or scale fragments. 
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Figure 3.8 Petrographic thin-section of a small heteropolar spiral coprolite (RU-EFP-608). A) 
RU-EFP-608 exhibiting the typical nested-cone structure of spiral coprolites. White boxes outline 
images seen in (B) and (C). B) Dark, irregular or undulating patterns (bracketed by white arrows) 
are developed locally and resemble the ‘mucosal folds’ described by Williams (1972). C) Small 
grain of glauconite embedded within the groundmass of the coprolite. 
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Table 3.1 Description of fecal samples obtained from extant sea turtles. 
 
Specimen # Days in Captivity Items 
CM-FGW-150129-01 10 Aquatic plant material, two 
small fish bone fragments, 
invertebrate shell fragments, 
indeterminate crustacean 
exoskeleton, mucous 
CM-FGW-150129-01 13 Aquatic plant material, an 
indeterminate ?bone fragment, 
quartz grains, small piece of 
blue plastic 
CM-FGW-150131-01 
 
1 Aquatic plant material, two 
small indeterminate sponge 
fragments 
CM-FGW-150131-01 4 Aquatic plant material and 
abundant quartz grains 
VALOR ? Aquatic plant material, quartz 
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CHAPTER 4: SHELL BONE HISTOLOGY AND HABITAT PREFERENCE OF 
TURTLES FROM THE HORNERSTOWN FORMATION, NEW JERSEY 
 
 
 
4.1 Abstract	  
 Study and description of the bone microstructure of turtle shells has become 
common in the past decade as these details can provide important phylogenetic and 
ecological insights. At least eight turtle species exhibiting various shell morphologies and 
sizes are known from the Main Fossiliferous Layer (MFL) of the Cretaceous-Paleogene 
Hornerstown Formation in New Jersey. This diversity may reflect varying niches or 
degrees of aquatic adaptation among the turtle taxa. As part of a taphonomic and 
paleoecological study of the MFL, I studied the shell bone microstructure of MFL turtles 
to assess their degree of aquatic adaptation and to infer their habitat preference (e.g., 
terrestrial, freshwater, near-shore, or deep marine). Shell bone elements from six of the 
eight taxa were histologically sampled. Comparisons were made with a previously 
published description of the seventh taxon (Osteopygis emarginatus); the eighth taxon 
(Euclastes wielandi) could not be included because it is only known from cranial 
material. All of the specimens displayed the plesiomorphic diploe structure in which 
compact cortical bone frames a region of cancellous bone. Primary differences in bone 
structure among the examined turtles related to thickness of the cortices and the degree of 
remodeling and expansion of the cancellous region. Adocus beatus and Agomphus 
pectoralis are here regarded as semi-aquatic turtles that likely inhabited onshore 
freshwater environments. Taphrosphys sulcatus, Bothremys sp., and Peritresius ornatus 
were found to be fully aquatic turtles, with P. ornatus exhibiting a shell morphology 
similar to more pelagic marine forms. The shell bones of Catapleura repanda have 
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extremely thin cortices and expansive cancellous bone regions. Combined with its overall 
shell morphology, this taxon was regarded as well adapted to a pelagic lifestyle. 	  
 Potentially pathologic bone tissue was observed in a costal of Peritresius ornatus 
and a peripheral of Bothremys barberi, with the latter resembling previous reports of shell 
rot in modern and fossil turtles. As expected, the synapomorphic, strongly-reduced 
internal cortex of Bothremydidae was observed in the two bothremydid turtles 
Taphrosphys sulcatus and Bothremys barberi. Another potentially useful phylogenetic 
character, development of a wedge- or trapezoidal-shaped internal cortex, is present 
within costals of Agomphus pectoralis. This feature is also seen in more distantly related 
chelid turtles, but its presence in a less inclusive clade containing Agomphus (e.g., 
Kinosternoidea) remains unknown. 	  	  
4.2 Introduction	  	  
4.2.1 Turtle Shell Bone Microstructure	  
Turtles are a group of reptiles with a unique bauplan in which the pectoral girdle 
has become enclosed within the ribcage, which in turn has been highly modified to form 
parts of the carapace and plastron (Burke 1989; Scheyer et al., 2008). The shell serves 
several different functions, including protection (Pritchard, 2008) and as a buffer/oxygen 
reserve to survive anoxic conditions for an extended period of time (Jackson, 2000). 
Recently, Lyson et al. (2016) argued that the shell may have originally evolved as an 
adaptation to a fossorial lifestyle. More specifically, they argued that the expanded ribs of 
the stem turtle Eunotosaurus africanus served as attachment sites for powerful forelimb 
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musculature used for digging (Lyson et al., 2016). Although several studies have looked 
at the anatomy and embryological development of turtles, no comparative histological 
study of turtle shells was conducted until 2007 (Scheyer, 2007). Since then, the study and 
detailed description of the bone microstructure of turtle shell elements has become a 
common endeavor (e.g., Scheyer et al., 2007, 2015; Scheyer and Anquetin, 2008; Cadena 
et al., 2013; Delfino et al., 2013; Pérez-García et al., 2012; Jannello et al., 2016). Prior to 
this, only a few papers discussed the histology of turtle shell or limb bones, sometimes as 
part of a larger overview of different bone types in various organisms (e.g., Enlow and 
Brown, 1957; Enlow, 1969; de Ricqlès, 1975, 1991; Rhodin, 1985). 	  
 Bone, which is a composite structure composed of an organic phase (primarily 
collagen I) and an inorganic mineral phase (Collins et al., 2002; Augat and Schorlemmer, 
2006), serves a variety of functions, including support, mineral storage, and protection 
(Caro and Schaffer, 2010).  
Bone tissue can be characterized by its formation, the presence or absence of bone 
cells, the arrangement of vascular canals, and the arrangement of the collagen fibres (see 
Francillon-Vieillot et al., 1990). Several recent histologic studies of dozens of fossil and 
modern taxa reveal that shell elements are generally consistent in regards to their overall 
architecture and types of bone tissue structure. Except for a few extremely pelagic forms 
(e.g., Dermochelys coriacea), the shell bones of turtles develop a clear diploe structure in 
which an external cortex and an internal cortex frame a zone of cancellous bone. In many 
taxa, the cancellous bone expands through the remodeling of the internal and external 
cortices (e.g., Scheyer, 2007; Scheyer et al., 2015). This transformation of periosteal bone 
to cancellous bone is also common in both crocodilian and turtle limb bones (Enlow, 
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1969). Generally, the external cortex and some of the cancellous bone is composed of 
metaplastic bone in the form of interwoven structural fibre bundles. Parallel-fibred bone 
typically makes up the internal cortex. Lamellar bone is most commonly found lining 
trabecular spaces and within primary and secondary osteons. Lamellar bone is also 
present in the internal cortex of the basal turtle Proganochelys quenstedti (Scheyer and 
Sander, 2007), the river turtle Podocnemis erythrocephala (Scheyer and Sánchez-
Villagra, 2007), and in both the internal and external cortices of soft-shelled turtles 
(Scheyer et al., 2007). 	  
The term ‘metaplastic bone’ was coined by Haines and Mohuiddin (1968) to 
describe the transformation of one tissue into another. Two types of metaplastic 
mineralization are known; one involves the transformation of cartilage into bone and the 
other involves mineralization of preformed, dense connective tissue (Francillon-Vieillot 
et al., 1990; Reid, 1996; Horner et al., 2016). The latter occurs in portions of reptilian 
osteoderms (e.g., Levrat-Calviac and Zylberberg, 1986) and portions of turtle shells 
(Scheyer 2007; Scheyer et al., 2007). Parallel-fibred bone is a more organized tissue in 
which tightly packed collagen fibres are arranged parallel to one another (Enlow 1969; 
Huttenlocker et al., 2013). Lamellar bone is a slowly deposited, highly organized bone 
tissue consisting of several thin layers of lamellae (Frost, 1960; Francillon-Vieillot et al., 
1990). Each lamellae consists of tightly packed, parallel collagen fibrils that change 
direction from one lamellae to the next, giving the bone a plywood-like structure 
(Francillon-Vieillot et al., 1990). 	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4.2.2 Morphological and Histological Adaptations to Aquatic Lifestyles	  
 Over time, several different mammalian, reptilian, and avian taxa have 
secondarily returned to an aquatic lifestyle. Within these groups, a few general trends can 
be observed in regards to both the gross morphology and microstructure of their bones. 
Animals that inhabit a shallow or nearshore habitat, or have more recently returned to an 
aquatic lifestyle, tend to increase their bone density via pachyostosis, osteosclerosis, or 
by some combination of the two, termed pachyosteosclerosis (e.g., Ricqlès and Buffrénil, 
2001). This occurs in penguins (Ksepka et al., 2015), manatees (Domning and Buffrénil, 
1991), the theropod dinosaur Spinosaurus aegyptiacus (Ibrahim et al., 2014), nothosaurs 
(Klein et al., 2016), and early mosasaurs (Houssaye, 2008). The increased bone density is 
thought to serve as ballast (e.g., Taylor, 2000). In more pelagic forms, the opposite trend 
is observed, with bones becoming lighter via (non-pathologic) osteoporosis (Ricqlès and 
Buffrénil, 2001). Such lightening of the skeleton is seen in cetaceans (Buffrénil and 
Schoevaert, 1988), ichthyosaurs (Houssaye et al., 2014), and derived mosasaurs 
(Houssaye and Tafforeau, 2012). Interestingly, among plesiosaurs, juveniles have dense 
pachyosteosclerotic bones whereas adults have light, osteoporotic bones, suggesting that 
plesiosaurs transitioned from living in shallow marine to pelagic environments during life 
(Wiffen et al., 1995). Large-scale morphological changes to the body associated with a 
shift toward inhabiting open water include streamlining of bodies and development of 
flipper-like limbs (e.g., Williams and Worthy, 2002; Lindgren et al., 2010).  	  
Among turtles, a number of different aquatic adaptations have evolved. Shells are 
reduced, lightened, and streamlined, and the limbs have become elaborate flippers (Zug, 
1971; Walker, 1973; Zangerl, 1980; Spotila 2004; Pritchard, 2008; Renous et al., 2008). 
	  157 
As mentioned above, animals living in shallow marine and freshwater settings tend to 
exhibit denser bone structure (typically in limb bones) than their terrestrial relatives 
whereas pelagic forms have evolved a lightweight, osteoporotic bone structure (e.g., 
Houssaye, 2013). Surprisingly, compared to the other taxa discussed above, turtles 
exhibit an atypical pattern of bone compactness and microstructure. Terrestrial forms 
tend to exhibit the highest compactness values whereas aquatic forms present the lowest 
in both the humerus (Canoville et al., 2010) and radius (Germain and Laurin, 2005). 
Tibial compactness is also highest in terrestrial turtles, though it is relatively high in all 
turtles except for the leatherback turtle, Dermochelys coriacea, which exhibits very low 
compactness and extensive spongiosa (to be expected for an open marine, deep-diving 
organism; Kriloff et al., 2008). Consequently, limb bone microstructure may not 
accurately reflect the lifestyle of turtles, especially when trying to differentiate terrestrial 
from shallow-aquatic taxa. Higher compactness values in terrestrial turtles may be the 
result of biomechanical constraints imposed by a heavy shell (Germain and Laurin, 2005; 
Canoville et al., 2010). Alternatively, the ecology, as well as lifestyle and phylogeny, of 
turtles may be reflected to varying degrees by changes to the shell microstructure and 
architecture instead of limb bones (Scheyer and Sander, 2007, Kriloff et al., 2008). 	  
After examining 102 extant and fossil turtle taxa, Scheyer (2007) was able to 
correlate shell bone microstructure to degree of adaptation to aquatic habitats. He then 
grouped turtles into four categories. Terrestrial turtles fall within his Category I. These 
turtles exhibit no adaptations to an aquatic lifestyle and rarely enter the water. In cross-
section, shell elements are quite massive with a well-developed diploe structure 
consisting of thick, poorly vascularized cortices and limited cancellous bone, consisting 
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of short, thick trabeculae and small spaces. Category II turtles are semi- to mainly aquatic 
taxa that spend a majority of time in the water but still go on land to bask, eat, reproduce, 
and/or migrate to new bodies of water. The structure of the shell elements is similar to 
those of terrestrial turtles but the cortices are more vascularized, with an increase in the 
amount of primary canals and secondary osteons. Many taxa within this category exhibit 
a reduction in cortical thickness and an increase in vascularization.  
Fully aquatic turtles fall within category III. In these taxa, an asymmetrical diploe 
structure is typically developed with a slightly reduced but highly vascularized external 
cortex and a strongly reduced internal cortex. In many cases, the cancellous bone 
trabeculae are highly organized. Finally, category IV consists of those turtles, including 
most sea turtles, which exhibit extreme adaptations to a fully aquatic habitat. For turtles 
in this category, the cortices are strongly reduced and highly vascularized, which tends to 
give the bone a homogenous, spongy appearance in cross-section. Gross morphological 
adaptations are also present, including large fontanelles, a streamlined shell, and well-
developed flippers. 	  
 Scheyer (2007) thus demonstrated that the shell bone histology and cross-section 
architecture are also useful for predicting the general habitat of turtles, although a few 
exceptions exist (Scheyer and Sander, 2007). In addition to shell microstructure, forelimb 
proportions have also been shown to accurately reflect the habitat preferences of extant 
turtles (Joyce and Gauthier, 2004). However, the former method has become popular for 
interpreting the habitat of fossil and stem turtles (e.g., Scheyer and Sander, 2007; Cerda 
et al., 2015; and Jannello et al., 2016) because ecological inferences can be gleaned from 
only fragmentary shell material.	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4.2.3 Turtle Taxa in the Main Fossiliferous Layer	  
A number of genera and species were erected from fragmentary remains 
recovered from the greensands of New Jersey in the latter half of the nineteenth century 
and early twentieth century. Many of these taxa have subsequently been synonymized or 
renamed. The most recently published faunal lists for the Navesink, Hornerstown, and 
Vincentown formations are provided by Gallagher (2003). Accordingly, the following 
turtles are listed as present within the Main Fossiliferous Layer (MFL) of the 
Hornerstown Formation: Adocus beatus Leidy, Agomphus turgidus Cope, cf. Bothremys 
sp., Dollochelys atlantica (Zangerl), Osteopygis emarginatus Cope, and Peretresius [sic] 
cf. emarginatus. Since this publication, the taxonomic affinity of some taxa has been 
refined. I here provide an updated review and description of the eight taxa known from 
the MFL.	  
Adocus beatus	  
 Adocus is a genus of medium to large freshwater turtle from Cretaceous and 
Paleogene deposits in Asia and North America (Hutchison, 2000; Syromyatnikova and 
Danilov, 2009). In North America, the genus ranges from the Turonian or Coniacian 
through the end of the Paleocene (Hutchison, 2000). Adocus is a cryptodiran (hidden-
necked turtle) that was previously assigned to the family Dermatemydidae by Hay (1908) 
but is now recognized as a member of Adocidae (Danilov and Parham, 2005). The shell 
and limbs of Adocus are similar to those of modern river turtles (Knell, 2012). In Meylan 
and Gaffney’s (1989) detailed osteological and phylogenetic description of the genus, 
they note that the shell elements are well ossified and the peripherals are strongly sutured 
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to both the costals and plastron. Additionally, the coracoid is long and narrow, which is 
characteristic of aquatic turtles (Meylan and Gaffney, 1989). 	  
Agomphus pectoralis (= Agomphus turgidus)	  
 Several species of the kinosternoid turtle, Agomphus, have previously been 
erected from material collected from the New Jersey greensands, including A. pectoralis 
Cope, A. turgidus Cope, and A. tardus Wieland. However, due to the fragmentary nature 
of the specimens on which most of the taxa were erected, only one valid species from 
New Jersey is recognized, A. pectoralis (Hutchison and Weems, 1998). The carapace is 
small to medium in size, high-domed  (Joyce and Bourque, 2016) and lacks fontanelles 
(Wieland, 1905). It has been hypothesized that the ancestor of pan-kinosternoids was a 
bottom-walking, aquatic turtle that inhabited low-energy freshwater environments (Joyce 
and Bourque, 2016). Wieland (1905) earlier suggested that members of this genus 
inhabited streams and rivers, but he did not exclude a salt-water littoral habitat. 	  
Bothremys sp.	  
 Bothremys is a genus of bothremydid pleurodire (side-necked turtle) known from 
Late Cretaceous deposits in the Middle East and eastern United States, and from 
Paleocene to Eocene deposits in Morocco (Gaffney et al., 2006). It is thought to have 
inhabited freshwater or brackish water (Hutchison, 2000), although a prolonged tolerance 
to salt water cannot be ruled out (Weems and Knight, 2013). Similar to Taphrosphys, the 
carapace is somewhat round and low, being slightly wider than long in many specimens 
(Gaffney et al., 2006).  
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Catapleura repanda (= Dollochelys atlantica)	  
Reexamination of several turtle fossils belonging to the genera Catapleura and 
Dollochelys by Hirayama (2006) revealed that D. atlantica and several other species are 
junior synonyms of Catapleura repanda. C. repanda is a cryptodiran turtle known from 
the Late Cretaceous and Paleocene of eastern North America and Belgium (Hirayama, 
2006). The carapace is reduced with relatively large lateral fontanelles and a small central 
fontanelle in the plastron (Parris et al., 1986). Zangerl (1980) described Catapleura as a 
less “advanced” pelagic form in part because the carapace is not anteroposteriorly 
elongated.	  
Euclastes wielandi and cf. “Macrobaenidae” (= Osteopygis emarginatus)	  
  Parham (2005) reexamined the type specimen of Osteopygis (AMNH 1485) from 
the MFL and determined that it was a chimera composed of two different turtles. The 
cranial material was reassigned to a new species of Euclastes, Euclastes wielandi, and the 
postcranial material was designated as Eucryptodira incertae sedis (cf. “Macrobaenidae”). 
However, “O. emarginatus” material can be differentiated from other synonymized taxa 
due to its larger size and thicker shell (Parham, 2005). Grossly, the carapace of 
“Osteopygis” is fully closed and the plastron only has small minor fontanelles (Zangerl, 
1980). “Osteopygis” is interpreted to be a freshwater turtle (Parham et al., 2014, Weems, 
2014). 
Peritresius ornatus	  
 Peritresius is a rare toxochelid of the subfamily Lophochelyinae known from 
Maastrichtian deposits of New Jersey and, probably, Georgia (Baird, 1964). Cope’s 
holotype consists of two poorly preserved peripherals, but Baird (1964) described a well-
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preserved specimen from the Navesink Formation, which consists of a carapace and 
plastron elements, a quadrate, partial dentary, coracoid, and a few vertebral centra. The 
shell is characterized by Trionyx-like sculpturing, a strongly elevated sagittal keel, 
serrated peripherals, and as in all lophochelines, Peritresius has large fontanelles in the 
carapace and plastron (Baird 1964; Zangerl, 1980).	  
Taphrosphys sulcatus	  
 Taphrosphys sulcatus, revised by Gaffney (1975), is a fully closed-shell 
pleurodire known only from the greensands of New Jersey (Gaffney et al., 2006). T. 
sulcatus is closely related to another turtle from the MFL, Bothremys, and both are 
assigned to the subfamily Bothremydidae (Gaffney, 1975). Like Bothremys, the carapace 
is a short oval, being broader posteriorly (Gaffney, 1975; Gaffney et al., 2006). The 
genus is known from nearshore deposits in New Jersey, Morocco, and Cabinda in 
southern Africa, with T. sulcatus likely being an offshore, possibly pelagic, turtle 
(Gaffney et al., 2006). 	  
Most of the taxa described above are known from partial shells and upper limb 
elements. Cranial material is relatively uncommon and is completely unknown for some 
taxa (e.g., Agomphus). A wide range in shell morphologies exists between these species. 
For instance, Taphrosphys and Bothremys have sturdy, complete carapaces and plastra 
(i.e., lacking fontanelles), whereas Catapleura repanda has relatively thin, reduced 
costals and fontanelles along most of its shell. The bones of the plastron are also thin and 
are not tightly sutured to one another in Catapleura. Agomphus has a high-domed 
carapace and fairly thick shell elements relative to its size, especially for the plastron. 
Within the MFL, turtle shell bones are very common whereas limb bones are rather 
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uncommon. When preserved, the most common appendicular elements are humeri and 
femora. No complete, articulated turtle limbs are known from the MFL. Consequently, it 
was decided to instead examine shell histology to infer habitat preference of the turtle 
taxa found within the MFL.	  	  
4.3 Materials and Methods	  
Shell bone elements from six of the eight known taxa from the MFL were 
sampled for histologic analyses. Euclastes wielandi (= Osteopygis emarginatus crania) is 
based only on skull material and since no more complete skeletons with associated 
cranial and shell material have yet been discovered, the taxon could not be evaluated in 
the current study. As for postcranial material, Scheyer (2007) histologically sampled 
YPM 1585, a specimen labeled as ‘Osteopygis emarginatus,’ and his description and 
analysis of the taxon will be used here. In some cases, turtles from other similar-age 
geologic formations in New Jersey and South Carolina were used because no specimens 
from the MFL were available for sampling.  
To increase sample size and evaluate any intraspecific variation, I sampled 
elements from different individuals of the same species were sampled when possible. 
Only material that was identifiable to the genus level was pursued for histologic 
investigation. Permission and selection of shell elements for destructive sampling were 
granted by the Academy of Natural Sciences of Drexel University vertebrate 
paleontology collection manager (N. Gilmore) and curator (T. Daeschler). Destructive 
sampling of fossils in the Rowan University Paleontology Collection was permitted by K. 
Lacovara. Ralph Johnson, founder of the Monmouth Amateur Paleontologist’s Society 
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(MAPS) collection also provided specimens for sampling. Agomphus material was 
provided by D. Brinkman of the Yale Peabody Museum and M. Gibson of the Charleston 
Museum.	  	  
4.3.1 Descriptions of Sampled Testudinata	  
Adocus beatus (= A. lacer) (ANSP 9698) 	  
O. P. Hay (1908, pp. 241-244) described and figured this specimen and erected it 
as the species Adocus lacer. Presently, however, only one valid species, A. beatus, is 
recognized from the New Jersey coastal plain (White, 1972). ANSP 9698 consists of 
several peripherals, costal fragments, a partial suprapygal, and portions of the plastron. 
The individual elements are well preserved and not abraded, although pitting and 
invertebrate feeding traces are present on several bones, with the internal surface of the 
preserved xiphiplastron being the most extensively affected. Some of the darker colored 
carapace elements also have clumps of clay adhered to the external surface. No locality 
data is provided for this specimen although it is certainly from the greensands of New 
Jersey (Hay, 1908).	  
 Because destructive sampling of figured elements was not permitted, I attempted 
to identify some of the more fragmentary remains. Many of the bone fragments did not 
retain enough diagnostic features to determine from which part of the shell they 
originated. In Hay’s (1908) description of the specimen, he mentioned that the distal ends 
of the ribs extended down onto many of the peripherals in shallow grooves by as much as 
50 mm. This note allowed for the identification of peripheral fragments, which might 
otherwise be interpreted as costal fragments. 	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An articulated set of a costal and peripheral were sampled. A faint sulcus is 
visible on the distal half of the costal which continues down the length of peripheral 
fragment. The outermost ~0.03 mm of both the dorsal and ventral bone surfaces is 
missing in most areas. However, the shell elements do retain one of the two main types of 
sculpturing in adocids—tiny pores on the external surface (e.g., Danilov et al., 2011). The 
partial costal is composed of two fragments that, when reattached, has a maximum 
mediolateral length of ~138 mm, maximum anteroposterior width of 62.39 mm, and a 
maximum thickness of 12.54 mm. Transverse and longitudinal thin-sections was prepared 
from the distal half of the costal, which had previously been glued to the peripheral. The 
peripheral fragment has dimensions of 57.47 mm by 59.41 mm. The maximum thickness, 
not including the partially fused rib-end, is 8.91 mm. As with the costal, the peripheral 
was sampled in two planes, transverse and longitudinal.  
Adocus beatus (ANSP 23748)	  
ANSP 23748 is a nearly complete plastron with a midline length of 38.5 cm. The 
maximum anteroposterior length is 43 cm and the maximum mediolateral width is 19 cm. 
This plastron is very similar to, but slightly larger than, the one belonging to ANSP 
15356 described by White (1972). The pinprick surface texture seen on the ventral 
surface of the plastron of ANSP 15356 is also present on the current specimen. Aside 
from some surface flaking and bioerosion (pitting and scoring), the specimen is well 
preserved. A transverse thin-sectioned was prepared from a portion of the bridge area of 
the right hypoplastron provided by T. Daeschler. The ventral (external) surface of the 
fragment is well preserved and intact, but ~1.10 mm of the dorsal (internal) surface has 
flaked off. 	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This specimen was informally loaned to the Academy of Natural Sciences by 
Keith Madden in 1974, but was recently accessioned into the vertebrate paleontology 
collection by T. Daeschler. There is no stratigraphic or collection data associated with 
this specimen except for “Birmingham, NJ” hand-written on the fossil itself. Birmingham 
hosted several marl pits that were mined by the Pemberton Marl Company (Kümmel, 
1911), so this specimen probably came out of one of these pits and is likely from the 
Hornerstown Fm. (N. Gilmore, pers. comm., 2016). 	  
Agomphus pectoralis (= A. turgidus) (YPM 671)	  
 YPM 671 is a partial skeleton consisting of a nearly complete plastron and several 
peripherals and costal fragments. The specimen was collected from an exposure of the 
Hornerstown Fm. in Barnsboro, NJ and identified as A. turgidus. However, A. turgidus is 
likely a nomen dubium and thus should be renamed A. pectoralis (Hutchison and Weems, 
1998). A costal fragment was sectioned longitudinally (i.e., perpendicular to progression 
of the rib). Both the dorsal and ventral surfaces are well preserved, aside from some 
cracking. Sutures are present on either side and they are only very slightly abraded. Its 
anteroposterior width is 29.41 mm. The mediolateral length of the fragment is 34 mm, 
and its maximum thickness is 7.14 mm. 	  
Agomphus sp. (YPM 775)	  
 YPM 775 preserves both hyoplastra, a xiphiplastron, and several shell fragments. 
It was collected from a pit mined by the Cream Ridge Marl Company in Monmouth 
County, NJ. An indeterminate bone fragment (either part of the plastron or a peripheral) 
was selected for study. The bone is a dark brown color with a thin layer of clay and 
glauconite present on most of the surfaces. No surface texture or ornamentation is 
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present. The element is 35.87 x 40.72 mm and ranges in thickness from 6.5 to 12 mm. 
The bone was broken along a repaired break and one piece was embedded and sectioned 
?transversely.  	  
Agomphus pectoralis (YPM 776)	  
 YPM 776 consists of both hyoplastra, an epiplastron, and a few fragments of the 
carapace. A fragment, determined to be the proximal end of a costal, was selected for 
study. The dorsal surface is well preserved with visible sulci whereas the ventral surface 
is damaged by bioerosion. The fragment has a maximum anteroposterior width of 28.82 
mm, mediolateral length of 40.56 mm, and a thickness of 6.47 mm. The sutures are 
present but worn. The more-distal half of the fragment was embedded and sectioned 
longitudinally.	  
Agomphus pectoralis (ChM PV4767)	  
 ChM PV4767 is the distal portion of a costal collected from the Upper Paleocene 
Williamsburg Fm. exposed in Clapp Creek, Williamsburg County, South Carolina. This 
particular costal would have abutted three peripherals, which is the condition seen in 
costal 2 or 3 of A. pectoralis or costal 5 in “Agomphus” alabamensis (Hutchinson and 
Weems, 1998). As no definitive “A.” alabamensis material is known from the Kingstree 
locality (where this specimen is from), this fragment was assigned to A. pectoralis by 
Hutchinson and Weems (1998). The fragment is fairly well preserved with the edges 
being somewhat abraded, but the sutures are still intact. Close inspection of the bone 
surface reveals a slightly “corroded” texture in which some of the bone has been 
destroyed by an unknown taphonomic or diagenetic agent. A faint ?sulcus is visible on 
the dorsal surface of the bone running subparallel to the edge of the bone. A longitudinal 
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section (i.e., perpendicular to the progression of the rib) was taken from the proximal half 
of the fragment.	  
“Agomphus” aff. “A.” alabamensis (ChM PV4191) 	  
 This specimen consists of a peripheral fragment from the Upper Paleocene 
Williamsburg Fm. exposed in Berkeley County, South Carolina. Hutchinson and Weems 
(1998) assigned this fragment to “A.” alabamensis as it is from the St. Stephen locality. 
Contra Hutchinson and Weems (1998), Joyce and Bourque (2016), in their review of 
Pan-Kinosternoidea, argue that all Agomphus specimens from South Carolina should be 
referred to as Agomphus indet. until the material can be better studied. Although most 
major differences are expected at the generic level or higher (Scheyer 2007), histological 
study of ChM PV4191 and PV4767 may help determine how many Agomphus species 
are present in South Carolina. ChM PV4191 shows a similar preservational state to that 
of ChM PV4767, although this element is slightly more abraded and some corners are 
missing. The peripheral was sectioned mediolaterally. 	  
Bothremys barberi (ANSP 15302) 	  
This specimen was recovered from the Campanian Merchantville Fm. (Kennedy 
and Cobban, 1993) in Maple Shade, New Jersey in 1945 (Gaffney and Zangerl 1968). 
The specimen, a well-preserved, nearly complete carapace and plastron, left ilium, partial 
right ilium, and partial pubis, was described by Gaffney and Zangerl (1968) and, 
informally, suggested to represent a subspecies of Bothremys barberi. Gaffney et al. 
(2006), however, no longer recognize these subspecies and have referred this specimen to 
Chedighaii barberi. It should be noted that the specimen number given in that paper 
(ANSP 15902) is incorrect and should be ANSP 15302. The preserved portion of the 
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carapace has a midline length of 63.5 cm and a maximum width of 63.5 cm. The midline 
length of the plastron is 55.5 cm and the maximum anteroposterior length is ~64 cm. The 
maximum width including the bridge is 52.5 cm. Flaking and pitting is fairly extensive, 
with the external surface of the carapace the most affected by bioerosion (i.e., pitting). 
Broken edges are abraded to varying degrees, although a limonitic cement and fossil 
preparation may have enhanced this feature. 	  
The ?seventh left peripheral was selected for destructive sampling as it had not 
been reattached to the rest of the carapace. The periosteal surface is missing from most of 
the bone, possibly the result of bioerosion. The anteroposterior length of the lateral edge 
is ~103 mm and the maximum mediolateral width is ~109 mm. The maximum 
dorsoventral height of the peripheral is ~62 mm. The medial end of the ventral surface 
was removed for histological analysis by breaking the bone along a previously repaired 
fracture. This fragment was then cut roughly in half, with one fragment embedded and 
the other glued back onto the peripheral with PaleoBOND. An approximately transverse 
(i.e., mediolateral) thin-section was prepared from this specimen. 	  
Taphrosphys sulcatus (RU-EFP-2) 	  
RU-EFP-2 is an articulated, nearly complete carapace and plastron with 
associated appendicular and girdle elements that represents one of the best-preserved T. 
sulcatus specimens known. The skeletal elements are well preserved and exhibit little or 
no abrasion. The carapace is fairly pristine with little damage. The ventral (external) 
surface of the plastron is heavily pitted, likely the result of being colonized by sponges or 
other boring organisms after the animal died. A more thorough taphonomic description of 
this specimen is given in Chapter 2. Half of the left eleventh peripheral was originally 
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collected for paleomolecular analyses (see Chapter 3).  A ~19 x 21 mm section from the 
lateral edge of this fragment was removed and sectioned longitudinally to examine the 
preservational state of the microstructure as part of that research. That thin-section will 
also be used for the purposes of this chapter.	  
Taphrosphys sulcatus (RU-EFP-961)	  
RU-EFP-961is an isolated costal from a small juvenile Taphrosphys sulcatus from 
the Rowan Fossil Quarry (as are all RU-EFP specimens). The overall shape of the costal 
suggests it came from the anterior half of the carapace. The bone is generally well 
preserved and retains, albeit faintly, the pebbly surface texture characteristic of the taxon. 
The rib head and very distal tip of the costal are not preserved. The bone was originally 
collected for molecular paleontological research: fragments of the bone were 
demineralized using EDTA or HCl to recover soft-tissue-like structures (see Chapter 3). 
Because of this, a fragment from the distal end was sectioned longitudinally and 
transversely to examine the histology as well as the preservational state of the bone. 	  
Catapleura repanda (RU-EFP-17)	  
RU-EFP-17 is a disarticulated specimen of C. repanda comprised of several shell 
elements. A costal, missing only the long, narrow rib-end, was sampled by removing the 
lateral half of the element by breaking it along a pre-existing crack and sectioning it 
longitudinally. The bone is not abraded, but there is very minor flaking of the 
ventral/internal surface. Shallow pitting is present around the base of the rib head and on 
the dorsal/external surface. The mediolateral length of the bone is 96.82 mm and its 
anteroposterior width is 41.96 mm. 	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An associated costal rib-end, which may articulate with the main portion, was 
originally collected for paleomolecular analyses (Chapter 3). The fragment is dark 
purple-brown in color, shows no signs of abrasion, and is completely infilled with a dark, 
clayey sediment. The fragment was thin-sectioned transversely (i.e., mediolaterally, 
parallel to the progression of the rib).	  
Catapleura repanda (RU-EFP-18)	  
 Another disarticulated C. repanda was also sampled to increase sample size and 
to search for evidence of intraspecific variation. This specimen is composed of several 
partial carapace and plastron elements and the proximal half of a humerus. Based on the 
size of the elements preserved, this individual appears to have been smaller than RU-
EFP-4. The most interesting feature of this specimen is present on the peripherals, 
wherein the outer edge of each element comes to a point near the midline. This feature is 
not seen in any of the other C. repanda specimens in the Rowan collection, but whether 
this is indicative of a certain ontogenetic stage or gender remains unknown. It is possible 
that this feature was originally present in some of the other specimens but was destroyed 
by abrasion or chipping of the thin peripheral edge. For this specimen, a ?neural, costal, 
peripheral, and plastral fragment (?hyo- or ?hypoplastron) were sectioned either 
longitudinally or transversely. 	  
Peritresius sp. (MAPS A1203c) 	  
      MAPS A1203c is a collection of indeterminate Peritresius shell fragments, probably 
from costals, collected from the upper Maastrichtian New Egypt Formation in Monmouth 
County, NJ. Because most of the fragments were broken or missing surface bone, one of 
the better-preserved elements was chosen for sampling. The ?costal fragment has 
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maximum dimensions of 50 mm by 35 mm and a thickness of 11 mm. The external 
surface is strongly sculpted and sutures are preserved on one edge. The fragment was 
sectioned ?mediolaterally, parallel to the sutures. 	  
Peritresius ornatus: (RU-EFP-16) 
RU-EFP-16 is an articulated partial carapace plus a few associated shell elements. 
The articulated portion consists of four neurals and four proximal costal fragments. The 
associated elements include a costal fragment, two indeterminate (?costal) fragments, and 
an unidentified bone (?nuchal). At least two other Peritresius sp. shell elements were 
found in the MFL at the quarry, but it is unknown if they belong to this individual or 
another. One was found in the adjacent square meter (J-3) while the other was found 
several meters away in grid square B-7. All of the elements exhibit a deep, vermiculate 
sculpturing, as seen in other Peritresius specimens, including NJSM 11051, a nearly 
complete carapace, plastron, and dentary described by Baird (1964). However, the 
preserved neurals of RU-EFP-16 differ significantly from NJSM 11051 in that they are 
not keeled. Instead, they are relatively flat and reminiscent of the neurals of Taphrosphys 
sulcatus. This difference in morphology may be due to ontogenetic or sexual variation 
(D. Parris, pers. comm. 2016). The costals are relatively thick medially where they 
articulate with the neurals, but they rapidly thin laterally. Overall, the bones are well 
preserved with minor flaking of the ventral/interior surface. Due to the rarity of this 
taxon, it was decided to sample one of the associated ?costal fragments. This fragment 
appears to be from the proximal-most end due to its thickness and the presence of a ridge 
reminiscent of where the rib head extends from the costal. The element was sectioned 
longitudinally (i.e., perpendicular to the procession of the rib). 	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4.3.2 Preparation of Standard Histologic Thin-Sections	  
I processed specimens into petrographic thin-sections following standard 
histological techniques (e.g., Chinsamy and Raath, 1992; Scheyer and Sánchez-Villagra, 
2007). Preparation took place at Rowan University and Temple University. Larger, more 
complete skeletal elements were sampled either by breaking along a pre-existing crack or 
cutting with a Hillquist trim saw before being embedded in Silmar resin. Once hardened, 
excess resin was trimmed away and the embedded specimen was initially sectioned using 
either a Hillquist trim saw or a Hillquist Thin-Section Machine. The cut surface was 
ground and polished using either 320 and 600 grit grinding paper discs or 420 and 600 
grit silicon carbide grinding powders before being mounted on frosted glass slides using 
Loctite 60 minute epoxy. Prior to embedding or mounting, some of the more fragile 
elements had to be treated with PaleoBOND Penetrant Stabilizer and PaleoBOND pb750 
glue to increase their stability. The mounted samples were trimmed again using a 
Hillquist Thin-Sectioning Machine so that a ~2 mm thick section remained. The thin-
section was then ground on a 240 grit grinding wheel followed by grinding and polishing 
by hand using subsequently finer silicon carbide grinding powders (400, 600, 800, and 
1000). Depending on how darkly stained the fossils were, the final thickness of the thin-
section ranged from 50 to 130 µm.  	  	  
4.3.3 Analysis and Photography	  
 Petrographic thin-sections were examined and photographed at the Academy of 
Natural Science of Drexel University using a Leica DM2500 P petrographic microscope 
with a mounted Leica MC170 HD microscope camera. 	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The program Bone Profiler (version 4.5.8) for MacOSX (Girondot and Laurin, 
2003) was used to quantify the compactness values of various shell elements. To 
accomplish this, thin-sections were photographed at 1X magnification with a Nikon 
Digital Camera DXM1200F mounted on a Nikon Eclipse E600 Pol polarizing 
microscope at Temple University. Adobe Photoshop Elements 8 for PC was used to stitch 
together images of the sections and to digitally remove the background and any mineral 
or sediment infilling. Because Bone Profiler differentiates bone from the background 
based on color, the bone was then rendered black and the background white. For most 
specimens, the markers (e.g., bone centre, medullary centre and limit, etc.) were 
automatically identified by Bone Profiler. If necessary, these markers were identified 
manually for more complex sections that the software had trouble reading.  	  	  
4.3.4 Terminology	  
In order to facilitate direct and reliable comparisons with published data, 
histological descriptions follow Scheyer (2007), Scheyer and Sander (2007), and 
Francillon-Vieillot et al. (1990) and turtle shell descriptions follow Zangerl (1969). The 
following directional terminology (Figure 4.1) follows Scheyer (2007): the terms 
“external” and “internal” are used instead of “dorsal” and “ventral” to avoid confusion. 
External refers to the outer surface of the shell (dorsal surface of carapace and the ventral 
surface of the plastron) while internal refers to the visceral surface (ventral surface of 
carapace and dorsal surface of the plastron). The term “interior” refers to the center of the 
bone (i.e., the cancellous bone region). 	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4.3.5 Planes of Sectioning	  
 When possible, multiple skeletal elements from each taxon were sampled in one 
or two planes. Transverse sections (X-sections) are oriented perpendicular to the 
anteroposterior axis of the shell in the case of neurals, costals, and plastral elements. 
Because it was hard to identify where exactly in the carapace most of the costals 
originated, the plane of sectioning is in relation to the element itself. X-sections are 
parallel to the progression of the rib (i.e., mediolateral) whereas longitudinal or L-
sections are perpendicular to the progression of the rib. Peripherals were sectioned (X-
section) perpendicular to the anteroposterior axis of the individual bones. Plastron 
elements were sectioned in both planes, relative to the anteroposterior axis of the 
individual elements. 	  	  
4.4 RESULTS 
 
4.4.1 Descriptions of Turtle Shell Bone Histology 
Adocus beatus (ANSP 9698, Costal)	  
 An asymmetrical diploe structure is present within the sampled costal and 
peripheral, with a thick external cortex and a thinner internal cortex framing cancellous 
bone. However, the cortices are of approximately equal thickness in the plastron of 
ANSP 23748, once the amount of missing surface bone is taken into account. 	  
External cortex—The external cortex is very thick and can be divided into two 
zones (Figure 4.2A). Overall, the cortex is medium- to well-vascularized, especially in 
the interior half, where it is dominated by primary and a few secondary osteons. The 
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outer zone of the cortex is composed of interwoven structural fibre (ISF) bundle matrix 
with numerous (> 13) growth markers, some of which are highly birefringent under 
cross-polarized light (Figure 4.2B). Some growth markers appear as wide, dark-colored 
bands, whereas others are thinner and more closely resemble lines of arrested growth 
(LAGs). The growth markers also exhibit a wavy appearance in some areas that likely 
reflects the original surface ornamentation of the bone. In a few areas, the growth 
markers crosscut one another and/or build on top of one another. In this outer zone, 
perpendicularly oriented ISF fibres dominate (Figure 4.2B), whereas deeper in the inner 
zone there is a more equal mix of perpendicularly, horizontally, and diagonally oriented 
fibres. The perpendicular fibres appear as thin, wispy dark lines in both normal and 
polarized light.	  
A majority of the vascular spaces are longitudinal (i.e., circular) with some being 
teardrop shaped. Other vascular canals are obliquely or radially oriented (Figure 4.2A). A 
few vascular canals branch and interconnect, and Volkmann’s canals connect two or 
more osteons. The cancellous bone region has expanded into the external cortex as 
evidenced by the presence of larger erosional cavities in the innermost part of the cortex. 
Osteocyte lacunae are typically flat and elongate, whereas those around osteons are 
thicker and elongate.	  
Cancellous bone—The cancellous bone region is composed predominately of 
thick trabeculae and small trabecular spaces (Figure 4.2C,D). Locally, there are thinner 
trabeculae and larger spaces. For instance, towards the midline of the costal there are 
larger, more irregularly shaped spaces. Towards the internal cortex, the trabecular spaces 
become much smaller, flatter, and more ovoid in shape than those in the rest of the 
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cancellous region. The trabeculae are composed in part of lamellar bone, however there is 
a significant amount of interstitial ISF present. The lacunae are typically elongate to 
round in shape and are usually larger than those in either of the cortices. Under polarized 
light, interstitial parallel-fibred bone is present within the cancellous area, indicating that 
the cancellous bone region has expanded through resorption of the cortices. 	  
Internal cortex—The internal cortex is composed of a thick layer of dense 
parallel-fibered bone (Figure 4.2C,D). The external half is essentially avascular, with 
only a few scattered primary osteons present. Most of the vascularization occurs in the 
inner portion, where there are a few primary canals and a greater abundance of primary 
osteons. Circular to oval-shaped erosional rooms are present, which are usually lined to 
some degree by lamellar bone (Figure 4.2C). Osteocytes are hard to locate and visualize 
in the internal cortex. When visible, they are typically thin, elongate, and parallel to the 
orientation of the collagen fibers. 	  
Sutures—Some sutures are still preserved, especially towards the external surface. 
Horizontally-oriented Sharpey’s fibres are present along the suture margins and deeper 
within the section. A few vascular spaces are present within some of the sutures.	  
Adocus beatus (ANSP 9698, Peripheral)	  
 Overall, the histology and cross-sectional architecture of the proximal half of this 
peripheral is nearly identical to those of the distal half of the costal described above. A 
diploe structure is developed, with cortices framing an interior cancellous bone. The 
external cortex is thicker than the internal cortex, although not to the same degree as seen 
in the costal. However, this could be due in part to slight preservational differences 
between the two elements. 	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External cortex—Similar to the costal, the external cortex is composed of ISF 
with a number of growth markers present. Again, the ISF is dominated by perpendicular 
fibres in the outer zone of the cortex. The interior portion of the external cortex is more 
heavily vascularized than the exterior half. Most of the vascular spaces are primary 
osteons. There are also a few oblique and radially oriented vascular canals, some of 
which open to the surface via small foramina. Osteocyte lacunae are round to elongate 
and somewhat “fat”. 	  
Cancellous bone—Like the costal, the cancellous bone is formed mainly of thick 
trabeculae and small trabecular spaces. Where the costal rib-end fuses with the 
peripheral, there is an increase in the size of the trabecular spaces. Primary canals are 
rarely seen in some areas of the cancellous bone in the mediolateral (cross-section) thin-
section. The cancellous bone region has expanded into both the internal and external 
cortices.	  
Internal cortex—The internal cortex is composed of parallel-fibred bone, very 
similar to the costal. The cortex is less thick here than in the costal, but that is probably 
the result of abrasion and loss of bone surface. Where the rib-end fuses with the 
peripheral, there is very little to differentiate the two elements. On one side of the rib-end, 
the parallel-fibred bone of the peripheral is deflected inwards towards the interior of the 
bone a short distance. This may be the original boundary between the two elements. This 
feature is not present on the other side of the attachment. 	  
Sutures—Well-preserved inter-peripheral sutures are present along both edges of 
the bone. The struts are composed mainly of ISF with very minor amounts of parallel-
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fibred bone within the sutures along the internal cortex. Horizontally-oriented Sharpey’s 
fibres are also present along the suture margins. 	  
Adocus beatus (ANSP 23748, Hypoplastron)	  
 A well-developed diploe structure is present, with the external cortex being far 
thicker than the internal cortex; however, the outer surface of the internal cortex is 
missing, so the total thickness is known. Yet, examination of portions of the plastron that 
preserve the dorsal/internal surface indicates that approximately 1.10 mm of bone is 
missing. Despite this missing portion, the preserved external cortex is still slightly thicker 
than the internal cortex. As is common for fossils from the MFL, the microstructure of 
the very outermost cortex of the bone is completely obliterated except for some of its 
larger vascular spaces. Evidence of microbial destruction is present within both cortices 
in the form of Wedl tunnels that are 4-5 µm in diameter and extend up to 100 µm into the 
unaltered bone from the altered layer. 	  
External cortex—The external cortex can be divided into two zones (Figure 
4.3A). The outer zone is poorly vascularized ISF and contains very prominent growth 
markers (Figure 4.3A, B) that are highly birefringent under polarized light. At least 20 
growth markers are present, although the number visible differs in different areas of the 
thin-section. The fibre bundles in the EC are predominately oriented perpendicularly or 
sub-perpendicularly to the outer surface. The inner zone is composed of finer ISF bundles 
that are equally oriented parallel, perpendicular, and diagonally to the bone surface. 
Vascularization is achieved by sparse primary osteons and canals. A few radial primary 
canals open to the surface of the bone via small foramina, whereas other canals are 
oriented obliquely or radially and extend towards the surface (Figure 4.3A). 
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Vascularization increases in the inner zone, consisting of numerous primary osteons and 
a few secondary osteons. At least one secondary osteon cluster is present in the prepared 
thin section (Figure 4.3C).	  
Osteocyte lacunae range in shape from flat to round. Flatter, elongate cells tend to 
parallel the bone tissue and growth markers. Towards the cancellous bone region, 
osteocytes appear to become larger; however, their orientation has changed and we are 
looking at a different cross-sectional view of the lacunae, so it is uncertain if they truly 
are larger in this area.  	  
Cancellous bone—The cancellous bone region is composed of short, thick 
trabeculae that demarcate small, typically round spaces. A few trabecular spaces are oval 
or elongated, but most are circular. The trabeculae are composed of interstitial ISF and 
lamellar bone. Osteocyte lacunae in the interstitial areas are round but become thinner 
and more elongate in the lamellar bone that lines the trabecular spaces.	  
Internal cortex—Very little of the internal cortex is preserved in the thin-section. 
Where preserved, it can be seen to be composed of parallel-fibred bone. Compared to the 
external cortex, the internal cortex is much less vascularized, with only a few scattered 
primary canals. The osteocyte lacunae are thin and elongate and a few have extensive, 
branching canaliculi.	  
Much of the original internal cortex appears to have been converted to cancellous 
bone through resorption (Figure 4.3D). There are a number of large erosional cavities 
within the parallel-fibred bone, especially more internally. The cavities become 
somewhat smaller and more elongate in this region. Lamellar bone has subsequently been 
deposited in many of these spaces.	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Agomphus sp. (YPM 775, ?Plastron or ?Peripheral)	  
External cortex—The external cortex is quite thick and composed of ISF with a 
few visible growth markers (Figure 4.4A). It is vascularized by primary canals in several 
different orientations. Most of the primary canals tend to be small, longitudinal (circular) 
canals (Figure 4.4B). However, there are also a number of radial canals that extend 
perpendicular or oblique to the outer surface. A few radial canals may open to the 
surface, but destruction of the bone microstructure in the outermost cortex makes this 
difficult to determine. There are a few localized areas where the canals branch and 
reconnect, creating a reticular-type vascularization. ?Laterally (towards the “curve”), the 
vascular canals become predominately radially oriented. In the inner portion of the 
external cortex, there are large resorption spaces that have been filled in with lamellar 
bone, forming secondary osteons. Throughout the outer half of the external cortex, 
perpendicularly-oriented ISF fibres are most common (Figure 4.4B). Osteocyte lacunae 
range from flat and elongate to more rounded. At the ?lateral edge, the ISF matrix of the 
external cortex appears to grade into and intermingle with the parallel-fibred bone of the 
internal cortex (Figure 4.4A).	  
Cancellous bone—The cancellous bone region is relatively small, especially 
compared to the thickness of the cortices (Figure 4.4A). The trabecular spaces are 
typically small and circular, but there are a few larger, irregularly shaped spaces. The 
trabeculae are thick and composed of ISF and/or lamellar bone. Many of the trabecular 
spaces are lined with extensive, well-developed lamellar bone (i.e., there are several 
lamellae present). 	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Internal cortex—The internal cortex is composed of parallel-fibred bone, which 
has been highly fractured by microcracks (Figure 4.4C,D). The cortex appears to be 
mainly avascular, except for a few circular primary canals. However, small vascular 
structures may be obscured by the high degree of fracturing. Vascularization is greater 
towards the ?lateral edge, where there are several, scattered, simple-primary canals. The 
bone tissue appears to transition from parallel-fibred bone to ISF at the ?lateral edge 
along with a change in the type and degree of vascularization. The internal cortex is thick 
?laterally but thins significantly medially. Where the internal cortex bulges outwards, 
there are a high number of primary osteons and a few secondary osteons towards the 
cancellous region. Mineralized fibers are visible in some areas of the IC. 	  
“Agomphus” aff. “A.” alabamensis (ChM PV4191, Peripheral)	  
 A thick external cortex and a thicker internal cortex frame a region of cancellous 
bone. Towards the lateral edge of the peripheral, the cortices merge. 	  
External cortex—The thick external cortex is moderately vascularized by several 
different types of canals. Medially, most of the vascular structures consist predominately 
of either primary canals or primary osteons that are circular in cross-section. Laterally, 
laminar (parallel to bone surface) and oblique canals become more common. 	  
Cancellous bone—The cancellous bone is mainly composed of thick trabeculae 
framing round or ovoid trabecular spaces. The trabeculae are composed of ISF and 
lamellar bone. Medially, the trabeculae become thinner and longer and frame larger ovoid 
or irregularly-shaped spaces. Towards the lateral edge where the cortices merge, the 
cancellous bone is thick and consists of dozens of primary and secondary osteons, alike 
the YPM 775 ?peripheral fragment.	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Internal cortex—The internal cortex is thicker and much more vascularized than 
the external cortex. Similar to the external cortex, primary osteons or canals are present 
medially. Laterally, oblique and radial canals become more common and near the lateral 
margin, most of the canals take on a branching or reticular pattern. The internal cortex 
appears to consist of parallel-fibred bone, but the exact tissue structure cannot be 
confidently identified.	  
Agomphus sp. (YPM 776, Costal) 	  
 A clear diploe structure is developed. The cortices are of approximately equal 
thickness, though the internal cortex is slightly thicker in areas. 	  
External cortex—The external cortex has been extensively altered so that little of 
its microstructure is preserved (Figure 4.5A). As such, the tissue type and degree of 
vascularization here is hard to determine. Towards the cancellous bone, there are a few 
intact areas composed of ISF in which diagonally-oriented fibres seem to be more 
common. Vascularization of the inner portion of the cortex is achieved by scattered 
primary osteons and a few primary canals. 	  
Cancellous bone—The cancellous bone consists of very thick trabeculae 
composed primarily of ISF (Figure 4.5B). The trabecular spaces are mostly small and 
round. Lamellar bone lines some, but not all, of the trabecular spaces (Figure 4.5B). A 
few larger, irregularly-shaped or elongate spaces are scattered throughout the center of 
the cancellous bone region. The cancellous bone has extended into both the internal and 
external cortices as a number of larger erosional cavities and secondary osteons are 
present, especially in the internal cortex (Figure 4.5C, D).	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Internal cortex—The internal cortex is composed of parallel-fibred bone that is 
almost entirely avascular, especially in the outer zone (Figure 3.D#D). Towards the 
cancellous bone, there are a few scattered primary canals and primary osteons. Most of 
these canals and osteons are concentrated towards the midline of the bone. Much of the 
internal cortex in this area has been destroyed ?post-mortem, likely by bioerosion. A 
number of secondary osteons and a few erosional cavities are present where the 
cancellous bone has expanded through remodeling (Figure 4.5C, D). The parallel-fibred 
bone of the internal cortex thins towards the sutures on both sides of the bone, giving the 
overall cortex a trapezoidal or wedge-shaped appearance (Figure 4.5D). There is a clear 
transition from parallel-fibred bone to the ISF tissue of the cancellous bone. 	  
Sutures—The peg and sockets of the sutures are very poorly preserved because of 
abrasion. However, the arrangement of the ISF bone tissue and the orientation of the 
osteocyte lacunae within the cancellous bone appear to contour to the original suture 
pattern. 	  
Agomphus pectoralis (YPM 671, ?Costal)	  
 A roughly symmetrical diploe structure is present (Figure 4.5E). 	  
External cortex—Again, the microstructure of the external cortex has been 
extensively altered (Figure 4.5E, F) so that the degree of vascularization and bone tissue 
type cannot be confidently determined. There are a few areas of intact ISF tissue towards 
the cancellous bone , indicating that the external cortex is composed of ISF. Primary 
canals and primary osteons are present and are more common in the inner half of the 
cortex. The outer zone appears to be mostly avascular, although it is possible that this is 
due to diagenetic alteration. Approximately three darker bands are present within the 
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altered zone of bone, which may be growth markers. These markers maintain a consistent 
thickness and can be traced along most if not all of the cortex. 	  
Cancellous bone—The cancellous bone is composed of thick trabeculae and 
small, round trabecular spaces (Figure 4.5E). The trabeculae are composed of lamellar 
bone and large amounts of interstitial ISF. 	  
Internal cortex—The thick internal cortex is composed of parallel-fibred bone that 
has an almost avascular outer zone. Vascularization increases towards the cancellous 
bone, in the form of a number of scattered primary osteons and a few smaller primary 
canals. In one area, the primary canals and at least one primary osteon are arranged in a 
line parallel to the outer surface. The innermost portion of the internal cortex has been 
converted to cancellous bone by remodeling. A high number of erosional rooms and 
secondary osteons are present (Figure 4.5F). Although the bone microstructure is poorly 
preserved towards the sutures, the internal cortex appears to exhibit an overall wedge-
shape (similar to YPM 776) wherein there is a clear and distinct transition from parallel-
fibred bone to the ISF of the cancellous bone (Figure 4.5F).	  
Agomphus pectoralis (ChM PV4767, Costal)	  
 A well-developed, slightly asymmetrical diploe structure is present with a thick 
external cortex and a thinner internal cortex. The bone is darkly stained and exhibits little 
birefringence under polarized light, making it difficult to identify tissue types or 
differentiate between canals and osteons. 	  
External cortex—The external cortex is thick, but medium- to well-vascularized 
by either primary canals or primary osteons (or both). In cross-section, most of the 
vascular spaces are circular, although there are a few scattered oblique and radial canals 
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present. Towards the sutures there are a few laminar canals. Deeper in the cortex, towards 
the cancellous bone, are scattered secondary osteons. Horizontal Sharpey’s fibres are 
densely packed in the external cortex towards the intercostal sutures.	  
Cancellous bone—The thick trabeculae of the cancellous bone are composed 
mainly of ISF. The trabecular spaces are small, round, and lined with varying amounts of 
lamellar bone, although for most spaces the amount of lamellar bone is high.	  
Internal cortex—The internal cortex is thinner than the external cortex and vascularized 
by either primary osteons or primary canals. Several small erosional cavities are present 
within the inner cortex, even towards the bone surface. 	  
Bothremys barberi (ANSP 15302, Peripheral)	  
 Only a fragment from the medioventral edge (the portion that articulates with the 
plastron) was sampled. At least in this region, a clear diploe structure with a large 
cancellous region is developed. Examination of the cross-section of the whole bone 
indicates that the external cortex is approximately twice as thick as the internal cortex.	  
External cortex—The external cortex is composed of ISF that has been 
vascularized by primary canals, which are circular, oblique, and branching (Figure 4.6A-
C). A few small primary osteons, as well as larger, irregular primary osteons, are 
scattered throughout the external cortex. ISF fibres are oriented perpendicularly, 
diagonally, and horizontally, with horizontally oriented fibres seemingly more common. 
Towards the cancellous region, there are larger erosional cavities and secondary osteons 
lined with varying amounts of lamellar bone. A number of faint growth marks are also 
present (Figure 4.6B). Osteocyte lacunae tend to be round or oblong in the ISF tissue and 
very thin and flat in the lamellar bone of the osteons and cancellous bone. The lacunae 
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are not easy visible in most areas of this bone. Some lacunae are black in appearance with 
?enlarged filopodia that may be the result of microbial degradation. Other lacunae are 
light brown in color and therefore visually blend into the bone tissue. It is hard to 
determine if this bone had a low cellular density or if there is a diagenetic explanation for 
the apparent lack of visible cell lacunae.	  
 In a few areas of the external cortex, the growth markers and original ISF have 
been interrupted and replaced by secondary bone (Figure 4.6A-C). The unusual 
(?pathologic) bone tissue forms an inverted, triangular-shaped area with predominately 
diagonally oriented collagen fibre bundles (Figure 4.6C). Oblique vascular canals in this 
area radiate towards the external surface of the bone (Figure 4.6B). More medially within 
the section, there is also a large erosional room, which spans most of the external cortex 
from just above the cancellous bone to just beneath the bone surface (Figure 4.6A, D). 
The walls of the cavity are smooth and there is no evidence of secondary bone (e.g., 
lamellar bone or ISF) having been deposited. Just adjacent to this cavity is a large, 
unusual patch of primary osteons and lamellar bone (Figure 4.6D). Irregularly arranged 
primary osteons are also present in other areas of the cortex, especially between the two 
pathologic areas, which tend to be more highly vascularized than the normal bone tissue.	  
Cancellous Bone—The trabeculae of the cancellous bone are primarily thin and 
composed mainly of lamellar bone (Figure 4.6E). In other areas, the trabeculae thicken 
and consist of primarily ISF with varying amounts of lamellar bone lining trabecular 
spaces. The spaces are small to medium in size and irregularly shaped, although smaller 
spaces tend to be more circular.  Trabecular spaces are generally smallest towards the 
medial edge, but they become larger and more irregularly shaped laterally.	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Internal Cortex—Very little, if any, of the internal cortex is preserved in the thin-
section, except for a thin layer of possible parallel-fibred bone.	  
Catapleura repanda (RU-EFP-18, hyo- or hypoplastron)	  
A diploe structure is poorly developed, with very thin cortices framing a large 
interior cancellous bone region (Figure 4.7A). The cortices are approximately equal in 
thickness. Because of the fragmentary nature of the plastron element, the external and 
internal cortices cannot be identified with confidence. Taphonomic and diagenetic 
alteration to the cortices also inhibits the proper identification of the internal and external 
cortex.	  
External Cortex—The ?external cortex is very thin and vascularized by a few 
scattered primary osteons or canals (Figure 4.7A, B). Bone tissue type is hard to identify 
because the outermost layer has been altered and microbial invasion (wedl-tunneling) and 
microcracks obscure any regions of better-preserved microstructure. Under cross-polars, 
the tissue shows only very faint birefringence, but based on the pattern, the tissue most 
closely resembles ISF (Figure 4.7B). Faint dark bands representing growth markers are 
present within the external cortex as well as deeper into the (now) cancellous bone.  	  
Osteocyte lacunae are typically round and range from 10 - 15 µm in diameter. The 
lacunae in the lamellar bone lining erosional cavities are more elongate. 	  
Cancellous Bone—In cross-section, most of the ?hyo- or hypoplastron is 
composed of cancellous bone. The cancellous bone is mainly composed of secondary 
lamellar bone, but primary interwoven structural fibre bundle tissue is visible interstitially 
where the trabeculae branch (Figure 4.7D). Some of the thicker trabeculae also have a 
center of ISF with lamellar bone on either side. Under cross-polars, the lamellar bone is 
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highly birefringent, unlike the interstitial ISF or the bone tissue of the internal and 
external cortices. The trabecular spaces are subrounded to irregular in shape and vary in 
size. Most spaces are fairly large and, in some areas, they coalesce to form very large, 
irregularly shaped spaces. The trabeculae vary in thickness from thin to fairly thick, but 
they tend to be long instead of short. In the mediolateral (transverse) thin-section, the 
trabeculae are long and thin and are generally parallel to bone surfaces, creating large, 
oblong trabecular spaces. Numerous large erosional cavities are present within the 
internal and external cortices, thereby transforming them into cancellous bone. Growth 
markers can be seen between some of these erosional cavities, providing additional 
support for the expansion of the cancellous region through resorption of cortical bone. 
Osteocyte lacunae in the lamellar bone are larger and more elongate than those of the 
interstitial bone, where the osteocytes are small and round, similar to those in the 
cortices. 	  
Internal Cortex—The ?internal cortex displays little birefringence under polarized 
light, except for short, diagonally-oriented fibres (Sharpey’s fibres?) that are strongly 
birefringent. This bone tissue is similar to that of the ?external cortex. Vascularization is 
greater in the internal cortex compared to the external cortex. A handful of primary 
osteons and a few primary canals are scattered throughout the internal cortex. Small 
erosional cavities, secondary osteons, and a few faint growth markers are also present 
(Figure 4.7D). In the mediolateral section, the	  internal cortex is very thin and essentially 
avascular with only one primary canals visible. In this section, the bone tissue more 
resembles parallel-fibred bone when observed under cross-polars. The tissue appears 
highly birefringent, especially when compared to the transverse thin-section. Most of the 
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internal cortex has been converted to cancellous bone so that only a very thin layer of 
cortical bone is present. 	  
Catapleura repanda (RU-EFP-18, ?Neural) 	  
 The ?neural exhibits a roughly symmetrical diploe structure, with thin internal and 
slightly thicker external cortices framing a large area of cancellous bone.	  
External cortex—The external cortex is composed of ISF and preserves ~7 
growth markers, which tend to be parallel or sub-parallel to the bone surface. In some 
areas, the growth markers terminate at the surface, but this may be due to flaking/erosion 
of the bone surfaces. The cortex is vascularized by few randomly scattered primary 
osteons and primary canals. Round to slightly elongate osteocyte lacunae are common. 	  
Cancellous bone—The cancellous bone region is well developed. The trabeculae 
are mostly thin and composed of lamellar bone with very little ISF, except for where the 
trabeculae branch or are thicker. The trabecular spaces are predominately large and round 
to irregular in shape. Towards the ?medial end (where the sutures are preserved), there is 
an area where the trabeculae become thicker and the spaces become smaller and more 
round.  	  
Internal cortex—The internal cortex is very thin, although some of this is the 
result of flaking of surface bone: some primary or secondary osteons are incomplete and 
terminate at the edge of the bone. Bone tissue type is hard to identify because of the dark 
coloration and alteration of the bone. A few erosional cavities are also present.	  
Sutures—The sutures are well preserved, with elongate pegs and sockets composed of 
ISF. The pegs have also been partially converted to cancellous bone, as there is one 
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erosional cavity or primary canal in each of the pegs. The erosional cavities are lined by a 
few lamellae.  	  
Catapleura repanda (RU-EFP-18, Costal) 	  
 As with all the other shell elements of this specimen, a diploe structure is present, 
in this case with thin cortices framing an expansive region of cancellous bone (Figure 
4.8A). The cortices are of roughly equal thickness.	  
External cortex—The compact external cortex is composed of ISF that are poorly 
vascularized by small primary canals. In the anteroposterior (longitudinal) thin-section, 
the external cortex is mostly avascular, with only a small cluster of primary canals and a 
few other isolated, scattered canals. It is possible that at least some of the canals are 
primary osteons, but this is impossible to determine because of how shattered the bone is 
and the lack of birefringence of the cortex. Vascularization in the transverse section is 
greater, consisting of scattered primary canals, some of which are oval in shape.	  
Numerous erosional cavities and a few secondary osteons are present within the 
external cortex, which has resulted in its transformation into cancellous bone. Many of 
the erosional cavities near the external surface have yet to be filled with lamellar bone. 
These erosional cavities tend to be elongate and oval in shape, paralleling the outer 
surface of the bone. This feature is especially apparent in the transverse section. A few 
growth markers are also present in the transverse section. Long, mineralized, 
horizontally-oriented fibres are common along the entire transverse thin-section and are 
especially visible in the inner portion of the where the cortex grades into cancellous bone 
(Figure 4.8B). The presence or absence of growth markers and Sharpey’s fibres in the 
longitudinal section cannot be determined because of the poor preservation of the bone.	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Osteocyte lacunae appear as irregularly shaped black circles with diameters of 
~10 µm. Larger lacunae in the lamellar bone lining the resorption cavities and trabeculae 
are much larger and elongate, reaching up to 40 – 50 µm in maximum length. 	  
Cancellous bone—The cancellous bone is well developed and extends almost to 
the outer surfaces of the bone (Figure 4.8C). The struts are typically long and thin and 
tend to be longer horizontally (i.e., parallel to the outer surface). Most of the trabeculae 
are composed partially or entirely of lamellar bone, although primary ISF tissue is still 
common in areas, especially where the trabeculae branch. Trabecular spaces vary in size, 
but most are quite large. In some areas, it appears the cavities have merged to form large, 
irregularly shaped spaces. Towards the internal cortex, the trabecular spaces become 
slightly smaller and circular as the cancellous bone expands into the cortex. Towards the 
external cortex, however, the spaces are typically large and irregularly shaped with only a 
few smaller, round spaces.	  
Internal cortex—The internal cortex is fairly thin and composed of parallel-fibred 
bone with a medium degree of vascularization (Figure 4.8D). Primary canals are present 
throughout the cortex, and they typically occur in single rows. Due to the highly fractured 
nature of the internal cortex, it is possible that some of the primary canals are actually 
primary osteons because a few primary osteons are present near the cancellous bone 
region. The internal cortex of the transverse section is avascular, however. A few possible 
growth markers are present in both sections (Figure 4.8D). 	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Catapleura repanda (RU-EFP-18, Peripheral)	  
 A clear diploe structure is present (Figure 4.9A). Medially, there is an 
emargination where the rib end of a costal would articulate with the peripheral. Of all the 
sampled specimens, growth markers are best preserved in this bone.	  
External and internal cortices—Both cortices are composed of ISF that is 
vascularized by primary canals and few primary osteons. Primary vascular structures tend 
to be slightly more common towards the cancellous bone, at least in some areas. A few 
scattered secondary osteons are present deeper in the cortices towards the cancellous 
bone. At the lateral margin of the peripheral, the cortices thicken and merge (Figure 
4.9A). A minimum of 7 – 12 growth markers are present in both cortices; they are best 
preserved towards the lateral margin (Figure 4.9B). Here, a few laminar (parallel to outer 
surface), oblique, and branching primary canals are present.	  
Cancellous bone—The cancellous bone is composed of trabeculae that are thinner 
medially and gradually thicken toward the lateral edge (Figure 4.9A). Thinner trabeculae 
are composed almost entirely of secondary lamellar bone. Interstitial ISF is present 
within thicker trabeculae and where trabeculae branch. Trabecular spaces tend to be 
largest and more irregularly shaped medially. Towards the lateral edge, as well as 
towards the cortices, the spaces become smaller and rounder. 	  
Catapleura repanda (RU-EFP-17, Costal)	  
 Similar to the costal and other skeletal elements of RU-EFP-18, the costal of RU-
EFP-17 exhibits a diploe structure with very thin cortices framing a thick layer of 
cancellous bone (Figure 4.9C).	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External cortex—The thin external cortex consists of ISF that is vascularized by 
simple primary canals. A few growth markers are also present. 	  
Cancellous bone—The cancellous bone is well developed, making up most of the 
cross-section of the costal. The trabeculae are thin towards the center of the bone but 
become thicker towards the inter-costal sutures. The irregularly shaped trabecular spaces 
are lined by lamellar bone, but interstitially ISF is still present, especially in the thicker 
trabeculae and where they branch. Deep in the cancellous bone, at what would be roughly 
the center of the costal, is a large circular trabecular space surrounded by a ring of 
trabecular bone (Figure 4.9C). This feature is also seen in a thin-section of a costal from 
the stem-turtle Heckerochelys romani and resembles the periosteum surrounding the rib 
anlage in turtle embryos (Scheyer et al., 2014).	  
Internal cortex—The internal cortex is also relatively thin but thickens in some 
areas (e.g., flank of the rib bulge). It is vascularized by simple primary canals and a few 
primary osteons. The cortex is highly fractured and exhibits little birefringence under 
cross polars, except for some diagonally oriented fibres (Sharpey’s fibres), making it 
difficult to confidently identify the bone tissue type in this region. However, the internal 
cortex of the costal of RU-EFP-18 is composed of parallel-fibred bone.	  
Peritresius ornatus (MAPS A1203C, ?Costal) 	  
The bone has a clear, asymmetrical diploe structure with a thick external cortex 
and a thin internal cortex. The external surface is highly ornamented, with distinct ridges 
and troughs present in the cross-section (Figure 4.10A).	  
External cortex—The external cortex is composed of ISF (Figure 4.10B). 
Towards the internal region of the cortex and the ridges, the fibre bundles of the ISF are 
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more homogenous in regards to orientation, although in some areas sub-horizontal fibres 
dominate. Along most of the external zone, especially below the troughs and the sides of 
the ornamental ridges, the fibres are primarily oriented parallel or sub-parallel to the outer 
surface. Here, the bone tissue superficially resembles parallel-fibred bone, especially at 
low magnification (Figure 4.10B).	  
The bone is medium to highly vascularized, with reticular vascularization 
developed within the ridges (Figure 4.10A). Some primary canals open to the surface of 
the bone via small foramina. A few scattered primary osteons are also present throughout 
the cortex. The external cortex exhibits a high osteocyte density, with numerous rounded 
to elongate osteocyte lacunae. 	  
Cancellous bone—The thin trabeculae of the cancellous bone are composed 
mainly of lamellar bone, although interstitial ISF is present, especially where trabeculae 
branch or are thicker. Small spaces (erosional cavities?) and primary osteons are present 
in thicker trabeculae. Most of the trabecular spaces are medium to large in size and 
somewhat circular (Figure 4.10C). The spaces become smaller towards both cortices, and 
towards the internal cortex the spaces are shaped more alike elongate, flattened ovals that 
parallel the outer surface. 	  
Internal cortex—The internal cortex is almost non-existent, being very thin 
(Figure 4.10D). It appears to be composed of parallel-fibred bone, although the very dark 
color of the tissue in this area makes it hard to accurately identify. 	  
Peritresius sp. (RU-EFP-16, Costal)	  
 A strongly asymmetrical diploe structure is developed with a thick, ornamented 
external cortex and a very thin, almost non-existent internal cortex framing a thick 
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cancellous bone region. Portions of the external cortex are potentially pathologic as there 
are large, irregularly-shaped erosional cavities. A few bony ?spicules or remnants of 
original bone tissue extend into some of these cavities. Adjacent to a large erosional 
cavity are several smaller, irregular to rounded erosional cavities, especially near the 
bone surface. Fairly large primary/secondary osteons and ?canals? are prevalent in the 
inner zone of the external cortex.	  
External cortex—The thicker external cortex is composed of medium to highly 
vascularized ISF. Unlike MAPS-A1203c, reticular vasculature pattern is developed only 
locally in a few areas of the cortex. Most of the vascularization is achieved by primary 
canals and osteons. A few radial or obliquely oriented vascular canals extend towards the 
bone surface, but none appear to penetrate the surface. Growth markers are present, and 
they roughly follow the surface ornamentation pattern. Under cross-polars, they are 
slightly birefringent. Most of the outermost 500 µm of the cortex has been altered such 
that no microstructure is preserved. Therefore, it is not possible to determine if the same 
pseudo-parallel-fibred appearance seen in MAPS A1203c is present in this specimen. The 
fibre bundles of the ISF generally extend equally in diagonal, horizontal, and 
perpendicular directions. However, there are a few areas where the ISF fibres are oriented 
diagonally.  
Within the external cortex, there are several areas of unusual (?pathologic) bone 
tissue and remodeling (Figure 4.11A). There are two large, irregularly shaped erosional 
cavities approximately one centimeter apart. They extend from just below the bone 
surface to the transition from the external cortex to the cancellous bone. Adjacent to these 
large cavities are several smaller erosional cavities, many of which are just below the 
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surface of the bone. No secondary bone tissue has been deposited within the cavities. A 
few pieces of bone (bone spicules?) extend into the two larger cavities, which appear to 
be remnants of primary osteons (Figure 4.11). The inner zone of the cortex is highly 
vascularized by large primary and secondary osteons and a few small erosional cavities. 
This vascularization pattern seems unusual (Figure 4.11D) and may be related to the 
pathology.	  
Cancellous bone—Most of the trabeculae are fairly thin, although a few thicker 
struts are present. The thicker trabeculae are composed of ISF whereas the thinner ones 
are composed of lamellar bone. Within the thicker trabeculae are small, circular erosional 
cavities and primary osteons. The trabecular spaces are smaller than those in MAPS-
1203c and range from circular to irregular and elongate. Towards the internal cortex, the 
spaces are typically smaller and more oval in shape. 	  
Internal cortex—The internal cortex is composed of parallel-fibred bone that is 
weakly vascularized by small primary osteons/canals. Diagonally/sub-perpendicular 
?Sharpey’s fibres are present where the rib head would extend from the costal (Figure 
4.10E).	  
Taphrosphys sulcatus (RU-EFP-961, Costal)	  
 Again, a clear diploe structure is developed (Figure 4.12C). The outer cortex is 
1.5 – 2x thicker than the internal cortex. The outermost portion of the bone is again 
altered in cross-section. The thickness of the altered layer varies, although most of this 
difference is likely due to abrasion and loss of some surface bone. 	  
External cortex—The external cortex is much thicker than the internal cortex. It is 
composed of ISF that is well vascularized by primary osteons and canals that are 
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typically arranged more or less in rows between growth markers (Figure 4.12B). Primary 
canals are longitudinal (circular in cross-section). Vascular canals are oriented in many 
different directions, including obliquely, radially, and circumferentially. In many areas, 
the vascular canals and primary osteons are arranged in single rows, usually between the 
growth markers. Many of the primary osteons are interconnected by Volkmann’s canals. 
In the transverse section (X-section; mediolateral section), one can see a row of primary 
osteons with many of them interconnected by Volkmann’s canals. Vascularization is 
greater towards the outer surface and lower towards the cancellous bone in both planes of 
sectioning. Some of the canals also branch or anastomose to create local patches of 
reticular bone. Growth markers in the external cortex are wavy in the longitudinal (L, 
anteroposterior)-section but fairly flat in the X-section. This wavy pattern may reflect the 
original surface relief/ornamentation of the shell. At the macroscopic level, the portion of 
the costal that the L-section was taken from is more strongly ornamented than the more 
distal area where the X-section was taken, further supporting this assertion. A maximum 
of 10 growth markers were counted in both the transverse and longitudinal sections. 
Towards the sutures, horizontal Sharpey’s fibres are present (Figure 4.12A).	  
Cancellous bone—The cancellous bone is composed mainly of primary ISF, 
although secondary lamellar bone frames many of the trabecular spaces (Figure 4.12D). 
A few smaller primary osteons are present within the interstitial ISF. Compared to the L-
section, the trabecular spaces in the X-section are more elongate and parallel the outer 
surfaces of the bone. Osteocytes are round to elongate and flat, and are generally slightly 
larger than those in the external cortex. Sharpey’s fibres are present towards the sutures.	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Internal cortex—The internal cortex is composed of parallel-fibred bone (Figure 
4.12D). The osteocyte lacunae are long and flat but become slightly more rounded 
towards the interior of the bone. Microcracks are common throughout the internal cortex. 
Sharpey’s fibres are mostly absent, except for a few horizontally-oriented ones near the 
sutures. However, the fractured nature of the internal cortex may be obscuring their 
presence. Yet, the angled Sharpey's fibres reported in Bothremys and Taphrosphys costals 
(Scheyer and Villagra, 2007) are not present in this specimen. The parallel-fibred bone is 
poorly vascularized, with only a few scattered, small primary osteons. 	  
Sutures—Towards the sutured edges, the growth markers and bone tissue of the 
external cortex are deflected inwards towards the cancellous region (Figure 4.12A). The 
ISF tissue and growth markers follow the sutural relief and permit the visualization of the 
suture pattern of earlier ontogenetic stages. Horizontal Sharpey’s fibres are present 
towards the sutures and extend fairly deeply inwards into the cancellous bone and 
external cortex (Figure 4.12A).	  
Taphrosphys sulcatus (RU-EFP-2, Peripheral) 	  
Only the lateral edge of the peripheral was sampled because this thin-section was 
primarily made to examine the relative quality of preservation of the bone microstructure 
for Chapter 3. Here, the internal and external cortices are relatively thin, and much 
thinner than the cortices of the costals. This difference is probably due to the sample 
location within the carapace. 	  
External cortex—The external cortex is still thicker than the internal cortex, 
although neither of the cortices appears to be completely intact, having been partially 
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destroyed. The bone tissue is composed of ISF that has been vascularized by simple 
primary canals. Only one growth marker could be identified in the external cortex.	  
Cancellous bone—The cancellous bone region is expansive and comprises most 
of the thin-section. The trabeculae are thin but short, forming small trabecular spaces.	  
Internal cortex—The internal cortex is composed of parallel-fibred bone that is 
vascularized by primary canals. A few potential growth markers are present within the 
internal cortex, which appear as 4 – 5 slightly darker bands. 
 
4.4.3 Bone Compactness Values 
 Compactness indices (Table 4.1) were obtained for five of the studied taxa (9 
individuals total; Figure 4.13). Agomphus specimens exhibited the highest degrees of 
compactness (85.6 – 94.6%) whereas Catapleura repanda and Peritresius ornatus had 
the lowest (40.4 – 59.1%). Compactness values for a juvenile Taphrosphys sulcatus and 
the Adocus individual were ~75.5%. Although the sample size was very small, it appears 
that different shell bones can exhibit different compactness profiles. For instance, the 
costal of Catapleura repanda (RU-EFP-18) exhibited a compactness of only 40.6% 
whereas the peripheral was 65.6%.  
 
4.5 Discussion	  	  
4.5.1 Ecological Adaptations of the Turtle Taxa	  
 A relatively high number of turtle taxa are recognized from the Main Fossiliferous 
Layer of the Hornerstown Formation in New Jersey. While there are only seven extant 
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sea turtle species, the number of marine taxa as well as morphological variation during 
the Cretaceous was much higher, possibly indicating an increase in ecological diversity 
(Hirayama, 1997). However, unlike today, most sea turtles appear to have been endemic 
rather than cosmopolitan (Hirayama, 1997). 	  
Based on the histology and overall architecture of the shell elements as well as 
previously published descriptions, the turtles present within the MFL can each be placed 
in one of the four ecological categories erected by Scheyer (2007). Terrestrial turtles fall 
into category I. Shell elements of these turtles exhibit thick, poorly-vascularized cortices 
and cancellous bone composed of short, thick trabeculae forming round trabecular 
spaces. Category II turtles are semi- to fully aquatic taxa in which the cortices are still 
fairly well developed but more vascularized than those in Category I. Category III turtles 
(fully aquatic) typically exhibit an asymmetrical diploe structure with a thin internal 
cortex, thick external cortex and a highly organized cancellous bone region. Turtles in 
category IV exhibit extreme adaptations to open marine habitats. Their shell bone 
cortices are highly reduced and vascularized giving the whole bone a homogenous, 
spongy appearance in cross-section.	  
As Euclastes wielandi (= Osteopygis emarginatus) is only known from cranial 
material (Parham, 2005), it could not be included in the present study of shell material. 
However, its placement within the clade Pancheloniidae implies that it was a marine 
turtle. As discussed earlier, postcranial material of O. emarginatus is now considered 
Eucryptodira incertae sedis (cf. “Macrobaenidae”) by Parham (2005). Scheyer (2007) 
described the bone histology of YPM 1585 (identified as Osteopygis emarginatus) from 
the ?Hornerstown Formation and assigned the taxon to Category II (semi- to mainly 
	  202 
aquatic). This decision was based on its carapace bones exhibiting a thick external cortex 
and a thin internal cortex and the internal cortex of plastral elements ranging from thin to 
as thick as the external cortex. 	  
I determined Adocus beatus to have been a semi- to fully aquatic turtle (Category 
II). Scheyer (2007) described Adocus sp. material (a costal, peripheral, plastron) from the 
Hell Creek and Tullock formations and also assigned the genus to category II, but with 
tendencies towards category I (terrestrial). In those specimens, the internal and external 
cortices were found to be generally equal in thickness, which contrasted to the current 
specimens in which the internal cortices of the costal and peripheral are thinner than the 
external cortices. These differences in internal cortex thickness may relate to sampling 
location: Scheyer (2007) sampled the proximal/medial end of a costal and the lateral end 
of a peripheral whereas I sampled the distal end of a costal and a proximal portion of a 
peripheral. 	  
Because of extensive diagenetic alteration to a majority of the examined 
Agomphus material, it is difficult to confidently assign the taxon to an ecological 
category. In general, the cortices tend to be very thick and frame cancellous bone 
composed of short trabeculae and small round spaces. The internal cortex of the proximal 
end of the costals is poorly vascularized and is essentially avascular in the outer zone. 
Distally, the cortex becomes much more vascularized. However, the vascularization 
extent/structure of the external cortex is harder to determine due to diagenetic alteration, 
although the inner zone appears to be vascularized by primary osteons or canals. In the 
distal portion of the costal examined (ChM PV4767), the external cortex is moderately 
vascularized. The cortices of the peripherals are thick but fairly well vascularized. Thus, 
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from the limited available data, Agomphus pectoralis best fits into category II (semi- to 
mainly aquatic).  	  
Bothremys sp. and Taphrosphys sulcatus are closely related phylogenetically and 
share similar shell morphologies (Gaffney et al., 2006) and bone histology. Based on the 
present study, I assigned both taxa to Category III (fully aquatic) because they retain 
relatively thick but vascularized external cortices and highly reduced internal cortices. 
This classification is in agreement with Scheyer (2007) for both taxa. Although a reduced 
internal cortex is present in several turtle lineages, within Pelomedusoides a reduced 
internal cortex is only present within Bothremydidae (e.g., T. sulcatus and B. barberi) 
and it therefore represents a potential synapomorphy of the latter clade (Scheyer and 
Sánchez-Villagra, 2007). 	  
Costals of Peritresius ornatus retain a fairly thick external cortex with ornamental 
ridges. The external cortex is moderately to highly vascularized by reticular, radial, and 
primary canals and primary osteons. The internal cortex is extremely thin, especially in 
MAPS A1203c. In both specimens, the internal cortex has been almost entirely converted 
to cancellous bone. Based on this pattern of bone microstructure, Peritresius should be 
placed in the fully aquatic category (Category III). However, the overall morphology of 
the shell, including large lateral fontanelles in the carapace and a reduced plastron with a 
central fontanelle (Zangerl, 1980; Parris et al., 1986; Hirayama 2006), are adaptations 
seen in Category IV taxa that also show a homogenization of cortices and cancellous 
bone (Scheyer, 2007). Additionally, shell bone compactness for both Peritresius 
specimens is low (48 – 59%). This compactness is much lower than the measured 
compactness of Taphrosphys sulcatus (~75%) and more similar to the highly aquatic 
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Catapleura repanda (40 – 65%). Consequently, I categorized P. ornatus as a fully 
aquatic (Category III) turtle with strong tendencies to Category IV (extreme adaptations 
to aquatic/marine environments). A similar pattern, in which the gross morphology of the 
shell, limbs, and bone histology do not completely agree on the habitat of the organism, is 
also seen in the giant extinct sea turtle Allopleuron hofmanni (Scheyer et al., 2014). The 
overall morphology of the shell of Peritresius ornatus is characteristic of highly pelagic 
sea turtles (Zangerl, 1980), but in thin-section the shell bones retain a thick, well-
vascularized external cortex and a very thin internal cortex (Scheyer et al., 2014). Adult 
A. hofmanni are hypothesized to have inhabited shallow coastal environments based on a 
taphonomic study by Janssen et al. (2011), whereas younger individuals may have 
inhabited a different, yet to be determined environment.	  
Of the turtles present in the MFL, only Catapleura repanda fell fully within 
Category IV. All of the shell elements sampled exhibited very thin, almost non-existent 
cortices and expansive cancellous bone. Though both cortices are highly remodeled, 
having erosional cavities lined with lamellar bone, an overall homogenous appearance of 
the bone tissue (as seen in the leatherback sea turtle Dermochelys coriacea [Scheyer, 
2007] and the giant extinct sea turtle Archelon ischyros [Scheyer and Sánchez-Villagra, 
2007]) is not fully achieved. However, other category IV taxa, such as the extant river 
turtle Dermatemys mawii and the Eocene turtle Baptemys garmanii do present similar, 
very thin cortices (Scheyer, 2007). The shell of C. repanda also displays morphologic 
adaptations to an aquatic lifestyle, including several large lateral fontanelles in the 
carapace and a small central fontanelle in the plastron (Parris et al., 1986). However, its 
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overall shell shape is semi-circular instead of elongate and tear-dropped, the latter being 
characteristic of pelagic forms (Zangerl, 1980). 	  
4.5.2 Bone Compactness Measurements	  
 The program Bone Profiler (Girondot and Laurin, 2003) has been used in many 
studies to estimate bone compactness and/or density of various organisms, and more 
recently, turtles (Pérez-García et al., 2012; Scheyer et al., 2014, 2015; Cerda et al., 2016; 
Jannello et al., 2016). The compactness profiles from the Bone Profiler analysis 
supported the results obtained from the histological study. Of particular interest were the 
results obtained from Agomphus and Peritresius specimens. The observed compactness 
of the three sampled Agomphus bones ranged from 85 – 95%, which was the same range 
obtained by Scheyer et al. (2015) for Solemys sp., which they interpreted as a terrestrial 
turtle; although some members of the genus may have been semi-aquatic (Marmi et al., 
2009). It was also within the range of the compactness values of limb bones of terrestrial 
organisms (e.g., Canoville and Laurin, 2010). Consequently, further studies are needed to 
determine whether Agomphus was a terrestrial or semi-aquatic turtle.  
 As mentioned above, Peritresius ornatus had low compactness values (48 – 
59%). Surprisingly, the lower limit was not the result of the pathologic specimen. That 
specimen (RU-EFP-16) had a compactness value of 56.3%, but increased to 59.1% when 
the large ?pathologic erosional cavities were filled with so that Bone Profiler would read 
those areas as bone. Alike the Agomphus specimens, the results obtained from bone 
histology (i.e., fully aquatic) differ slightly from those obtained from Bone Profiler and 
gross morphological characteristics (well-adapted to a marine environment). Indeed, the 
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compactness values for Peritresius fell well below those of  other fully aquatic turtles, 
and was within the same range as the fully marine (category 4) Catapleura repanda.  
 
4.5.3 Pathologies	  
 Unusual, probably pathologic bone tissue was observed in a Bothremys barberi 
(ANSP 15302) peripheral and a Peritresius sp. (RU-EFP-16) costal. The pathologic 
tissue in the ANSP 15302 specimen strongly resembles the unusual bone tissue described 
by Scheyer and Sánchez-Villagra (2007) in shell elements from the extant river turtle 
Podocnemis erythrocephala and the extinct marine turtle Taphrosphys sulcatus. In all 
three turtles, there is an inverted triangular or semi-circular patch of secondarily 
remodeled ISF that lacks growth markers, which are present in the rest of the external 
cortex. A reticular vascular pattern is developed within this tissue in T. sulcatus (Scheyer 
and Sánchez-Villagra, 2007) and B. barberi. Shallow pitting is also present on most of 
the shell, including the sampled peripheral, of ANSP 15302, which was hypothesized to 
be a result of post-mortem colonization by marine invertebrates (see Chapter 2). 
However, the shell bone surface of both the P. erythrocephala and T. sulcatus specimens 
described by Scheyer and Sánchez-Villagra (2007) exhibited a pitted or rugose texture 
directly above the ?pathologic bone tissue. Pathologic pitting has also been reported in 
several Cenozoic turtles (Hutchison and Frye, 2001). The cause of the ?pathologic bone 
in these specimens cannot be determined at this time, although incipient osteomyelitis 
(shell rot) was proposed by Scheyer and Sánchez-Villagra (2007). Potentially pathologic 
bone tissue has also been reported in the external cortex of the stem turtle Condorchelys 
antiqua (Cerda et al., 2015). In this specimen, secondary parallel-fibred bone and 
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lamellar bone was present in the outer zone of the external cortex, which was originally 
composed of ISF (Cerda et al., 2015). The large erosional cavities in the Peritresius 
costal examined herein may represent early stages of bone infection (i.e., before 
deposition of secondary bone) or may have resulted from a different, unknown agent. 	  	  
4.5.4 Skeletochronology	  
 While most of the sampled specimens possessed growth markers, especially those 
with thick external cortices, it remains unclear if they record the true ontogenetic age of 
the individual. Skeletochronology, the use of growth marks to estimate the ontogenetic 
age of an individual, has been used to age many different extant and fossil organisms. 
While this method has been validated for some taxa (e.g., saltwater crocodiles; Tucker, 
1997), a review of the literature reveals that its reliability in aging turtles, or at least 
certain turtle species, is somewhat debatable. For instance, Bjorndal et al. (1998) found 
no evidence of growth markers being deposited in the humeri of green turtles (Chelonia 
mydas) after being injected with tetracycline, whereas Snover et al. (2011) were able to 
validate deposition of annual growth markers in this species. Klinger and Musick (1992) 
also validated annual growth marks in juvenile loggerheads (Caretta caretta), and Coles 
et al. (2001) further validated annual deposition in an adult loggerhead that was part of 
the original 1992 study. Annual deposition of lines of arrested growth (LAGs) in Kemp’s 
Ridley turtles has also been validated (Snover and Hohn, 2004). However, Bjorndal et al. 
(1998) questioned the use of skeletochronology in sea turtles and suggested that tropical 
turtles may not deposit growth markers. Another potential problem is that turtle 
skeletochronology studies have only used humeri, femora, and ossicles, not shell bones. 
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Therefore, the annual nature of shell bone growth markers has not been validated. As a 
result, no attempt was made here to age the individuals used in the current study. 
However, a few general observations are noted. First, the costal and adjacent peripheral 
from ANSP 9698 (Adocus) appear to possess roughly the same number of growth 
makers. Second, the juvenile T. sulcatus specimen examined possesses fewer growth 
markers (~ 10) than do larger individuals of this species ( ~20 in a neural, see Scheyer 
and Sanchez-Villagra, 2007). Within the C. repanda shell bones, growth markers were 
mostly destroyed because of remodeling of the cortices and the expansion of the 
cancellous bone. For this reason, as well as because of diagenetic alteration, most of the 
C. repanda shell elements do not preserve readily apparent growth markers. The best 
preserved and the highest number of growth markers were seen in the peripheral. This is 
likely because the peripheral has the thickest cortices, especially towards the lateral edge, 
of all the sampled C. repanda elements.	  
 Though the current study had a small sample size, it seems clear that the use of 
skeletochronology may work better in less pelagic forms because the external cortex is 
thicker and less remodeled in shell elements from such taxa. However, even in those taxa 
with thick external cortices, a few growth markers were present within the cancellous 
bone region, indicating that early growth markers are probably lost during ontogeny as 
the bone is remodeled.	  
 	  
4.5.5 Taphonomy	  
 The turtle taxa present within the MFL exhibit a wide range of adaptations to an 
aquatic or marine lifestyle. Adocus beatus, Agomphus pectoralis, and cf. 
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“Macrobaenidae” (= Osteopygis emarginatus) are inferred to have been freshwater turtles 
(Weems, 2014) and Bothremys is thought to have either been a freshwater or brackish 
water turtle (Hutchison, 2000). While bone histology cannot be used to determine 
whether or not a turtle lived in freshwater or marine environments, the placement of A. 
beatus, A. pectoralis, and Macrobaenidae within Category II would at least suggest that 
they lived close to shore. Their rarity in the MFL bonebed would also suggest that they 
may have primarily inhabited a different environment than that represented at Rowan 
Fossil Quarry, likely one of shallower water depth. Their presence in the MFL can hence 
be explained by one of three scenarios. The first could be that at least some of these taxa 
could tolerate salt water for a prolonged period of time and would occasionally venture 
out to sea, such as has been proposed for Bothremys (Weems and Knight, 2013). The 
second possibility is that these turtles were washed out to sea by a river or flood event, 
possibly after death as bloat-and-float carcasses (e.g., Schwimmer, 1997). This scenario 
has been proposed at least as far back as the early 1900s to explain the presence of 
seemingly terrestrial or nearshore turtles in marine sediments in New Jersey. Wieland 
(1905) suggested that Agomphus may have inhabited littoral or fluvial settings and that 
their shells may have been swept out to sea by rivers or estuarial change. A bloat-and-
float scenario would also help explain the lack of appendicular and cranial material for 
many of the recovered specimens. Terrestrial floral material (e.g., phosphatized wood and 
seeds), faunal material including a hadrosaurid femur (Schein et al., 2012), and several 
large driftwood dropstones have been recovered from the MFL, indicating there is a small 
but definitive input of terrestrial material into the bonebed. Finally, some of these turtle 
taxa may indeed have inhabited a marine environment instead of a freshwater habitat. 
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However, Agomphus pectoralis is clearly a non-marine turtle based on its shell and limb 
morphology (e.g., Meylan and Gaffney, 1989) and bone microstructure; thus Agomphus 
specimens recovered from shallow-marine deposits such as the Hornerstown Fm. likely 
represent bloat-and float-carcasses.  	  
Rarity of Peritresius ornatus fossils in the bonebed suggests either: 1) that the 
taxon was rare with a low population density, or; 2) it primarily inhabited a more open 
ocean/deep sea environment and did not visit shallow marine habitats as often as C. 
repanda. Alternatively, P. ornatus may have lived closer to shore similar to the 
hypothesized habitat of Archelon hoffmanni.	  
 Taphrosphys sulcatus and Catapleura repanda are the two most commonly 
encountered turtles in the MFL, at least based on our ongoing excavation of the bonebed. 
However, these two taxa exhibit very different shell morphologies. T. sulcatus has a fully 
closed carapace and plastron with somewhat thick elements that are strongly sutured 
together. The shell elements of C. repanda are much thinner and the overall shell is 
reduced with fontanelles present in both the carapace and plastron. The shell 
morphologies and microstructures would suggest that Taphrosphys is more of a coastal to 
shallow-marine turtle whereas Catapleura was a deep-diving, open ocean taxon. In spite 
of this, both are fairly common in the MFL, interpreted as a shallow marine bonebed 
(e.g., Obasi et al., 2011 and references therein). The preservational state and degree of 
articulation of skeletons of both taxa is similar, in that specimens may be preserved as 
single shell elements, disarticulated partial skeletons, articulated partial skeletons, or 
nearly complete, articulated shells with a few associated appendicular elements (Chapter 
2). Thus it would seem likely that the habitat ranges of these two turtles overlapped to 
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some degree. As reviewed by Bolten (2003), many modern sea turtles transition to 
different habitats through ontogeny for various reasons (e.g., foraging, mating). After 
hatching, neonates swim out to the deep oceanic zone, whereas, once they have grown 
larger, they may return to the shallower neritic zone. Older juveniles and adults may 
remain in the neritic zone. Others may remain in the oceanic zone as adults and only 
return to the neritic zone for mating (Bolten, 2003). Thus, it may be possible that the 
MFL preserves individuals of each species in contrasting stages of their life histories (i.e., 
different ontogenetic stages). To date, no ontogenetic study has yet been conducted to 
determine if there is any change in shell bone microstructure through life. However, 
Maffucci et al. (2013) demonstrated that humeral density in loggerhead turtles changes 
through ontogeny and correlates with the aquatic habit of specific age groups. It is 
unknown whether or not the largest specimens found in the MFL represent adults. Two 
recently collected large peripherals belonging to the same individual are tentatively 
thought to be from C. repanda based on their general morphology; however, the two 
elements are much larger than any other known peripherals from other individuals of 
Catapleura. The two peripherals may be from a very large, old Catapleura individual, or 
they could be from an as yet undescribed taxon.  	  
 Alternatively, the mixture of shallow marine and pelagic turtles in the MFL may 
be the result of a change in the paleoenvironment as a result of a marine transgression. 
The increase in the maturity and percentage of glauconite from the Navesink through the 
Hornerstown Formation suggests a decrease in sedimentation associated with sea level 
rise (Obasi et al., 2012). Therefore, we may be seeing a shift in habitat (from shallow to 
deeper marine), which could lead to more pelagic forms migrating into the depositional 
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environment recorded at Rowan Fossil Quarry. This would also suggest that the bonebed 
represents a time-averaged accumulation. This scenario seems less likely as many of the 
Taphrosphys sulcatus specimens are well preserved and articulated, which is not 
expected for bones that are exposed for an extended period of time on the seafloor. A 
lack of a spike in glauconite maturity in the MFL would also argue against the MFL 
being a strictly time-averaged accumulation.	  	  
4.4.6 Phylogenetic Signals	  
 While the shell bone histology of turtles is strongly influenced by their ecology, 
phylogenetic signals may still persist (Scheyer, 2007). All of the sampled specimens 
retain the plesiomorphic diploe structure of turtle shell bones (Scheyer and Sánchez-
Villagra, 2007). Additionally, Scheyer and Sánchez-Villagra (2007) suggested that the 
reduced internal cortex of bothremydid turtles may represent a synapomorphy for 
Bothremydidae. While the feature is present in various other taxa, within the 
Pelomedusoides it is restricted to Bothremydidae (Scheyer, 2007; Scheyer and Sánchez-
Villagra 2007). This synapomorphy was observed in both bothremydid turtles sampled in 
this study (T. sulcatus and B. barberi), as expected, but also in the toxochelid turtle 
Peritresius ornatus.  	  
Of the sampled costals, only those of Agomphus displayed a unique internal 
cortex construction. While all of the taxa retain a relatively constant anteroposterior 
thickness of the internal cortex, the thickness of this cortex in Agomphus costals 
decreases dramatically towards the sutures relative to down the mediolateral midline of 
the bones. This gives the internal cortex an overall wedge or trapezoidal shape, whereas 
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the sutural area is composed of the same tissue as the external cortex (i.e., ISF). An 
apparently similar condition is described in distantly related chelid turtles, including 
Phyrnops geoffroanus (Scheyer, 2009). It is unclear if such a feature is present in other 
kinosternids, although Scheyer (2007) did not specifically mention its presence as he did 
in his description of chelids. Therefore, it is possible that this feature may have 
phylogenetic importance.	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Figure 4.1: Generalized cross-section of turtle shell bones from Scheyer (2007; p. 26). The terms 
‘external; and ‘internal’ are used instead of ‘dorsal’ and ‘ventral’ to avoid confusion. The ventral 
surface of the carapace would be towards the viscera whereas it’s the dorsal surface of the 
plastron. CB: cancellous bone, ECO: external cortex, ICO: internal cortex. 	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FIGURE 4.2: Bone histology of an Adocus beatus (ANSP 9698) costal. A) External cortex 
exhibiting growth marks and primary canals oriented in various directions. Note the outer zone is 
less vascular than the internal zone. B) External cortex under polarized light. C) Internal cortex 
and part of the cancellous region under polarized light. D) Internal cortex and part of the 
cancellous bone region under normal light. CB: cancellous bone; GM: growth marker; IC: 
internal cortex; ISF: interwoven structural fibre bundle matrix; PC: primary canal; PFB: parallel-
fibred bone. 	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Figure 4.3: Bone histology of an Adocus beatus (ANSP 23748) hypoplastron. A) External cortex 
exhibiting multiple growth markers, primary osteons, and two radial primary canals. B) Microbial 
invasion of the outermost external cortex. C) Secondary osteon cluster. D) Internal cortex being 
remodeled by the expansion of the cancellous bone region. The internal cortex is poorly 
vascularized. EC: erosional cavity; GM: growth marker; PC: primary canal; PFB: parallel-fibred 
bone; PO: primary osteon; SOC: secondary osteon cluster. 	  	  
	  217 
	  
 
 
Figure 4.4: Bone histology of an Agomphus sp. (YPM 775) ?plastron or ?peripheral. A) Cross-
sectional view of the ?lateral edge showing a transition from parallel-fibred bone to ISF. Note 
how thick the cortices are compared to the cancellous bone. B) Close-up view of the external 
cortex. This area is poorly vascularized. Note the wavy mineralized fibers oriented perpendicular 
to the outer surface. C) Internal cortex. D) Internal cortex under polarized light. The IC is 
composed of parallel-fibred bone and the cancellous bone is composed of primary and secondary 
osteons in this area. CB: cancellous bone; IC: internal cortex; ISF: interwoven structural fibre 
matrix; PC: primary canal; LB: lamellar bone; PFB: parallel-fibred bone. 
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Figure 4.5: Bone histology of costals of Agomphus pectoralis (YPM 775; YPM671). A) External 
cortex of YPM 775 showing extensive degradation of the bone microstructure. Note the single 
primary osteon or canal in the altered area. B) Internal cortex and cancellous bone of YPM 775 
under polarized light. C) Internal cortex and cancellous bone of YPM 775 under normal light. 
There is a sharp transition from the parallel-fibred bone of the internal cortex to the ISF of the 
cancellous bone (white arrows). D) Internal cortex and cancellous bone under cross-polarized 
light with a quarter plate. The parallel-fibred bone does not extend all the way to the sutures, but 
is truncated by cancellous bone, giving the internal cortex a wedge- or trapezoidal shape. E) 
Costal of YPM 671 under normal light. F) YPM 671 under polarized light. The microstructure 
external cortex has been extensively damaged. Again, the internal cortex has a wedge-shaped 
appearance. CB: cancellous bone; EC: external cortex; ER: erosional room; IC: internal cortex; 
ISF: interwoven structural fibre matrix; LB: lamellar bone; PC: primary canal; PFB: parallel-
fibred bone; SO: secondary osteon. 	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Figure 4.6: Bone histology of a Bothremys barberi (ANSP 15302) peripheral. A) Cross-sectional 
view of the external cortex and cancellous bone. Note the potentially pathologic areas. B) Close-
up of one of the ?pathologic areas where the growth markers and original bone tissue have been 
remodeled. C) View of (B) under polarized light. The ISF of the ?pathologic area is oriented 
differently than the original bone tissue. D) Second ?pathologic area of bone where most of the 
external cortex has been resorbed, leaving a large erosional cavity. To the left of the cavity is an 
unusual cluster of ?primary osteons and lamellar- or parallel-fibred bone. E) The cancellous bone 
is composed of primary ISF and lamellar bone (viewed under polarized light). CB: cancellous 
bone; EC: external cortex; GM: growth marker; ISF: interwoven structural fibre matrix; LB: 
lamellar bone; PC: primary canal; ?Path: pathologic bone. 
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Figure 4.7 Bone histology of the hyo- or hypoplastron of Catapleura repanda (RU-EFP-18). A) 
Complete dorsal-ventral cross-sectional view of the plastron element. The internal and external 
cortices are extremely thin. B) ?External cortex of the plastron under polarized light. C) View of 
the cancellous bone under polarized light with a quarter plate. The trabeculae are composed of 
lamellar bone and interstitial ISF. D) ?Internal cortex of the plastron. A few faint growth markers 
are present. CB: cancellous bone; EC: external cortex; ER: erosional room; GM: growth marker; 
IC: internal cortex; ISF; interwoven structural fibre-bundle matrix; LB: lamellar bone; PC: 
primary canal; PO: primary osteon. 
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Figure 4.8 Bone histology of a costal of Catapleura repanda (RU-EFP-18). A) Complete dorso-
ventral cross-section of a costal. The cortices are very thin. B) View of the external cortex near 
the sutured edge. Note the long, horizontally-oriented Sharpey’s fibres (white arrows). C) 
External cortex and cancellous bone under polarized-light. The external cortex has low 
birefringence but the lamellar bone lining the trabecular spaces is highly birefringent. D) Internal 
cortex and cancellous bone. A few growth markers are preserved but most of the cortex has been 
resorbed as the cancellous bone region expands. CB: cancellous bone; EC: external cortex; ER: 
erosional room; IC: internal cortex; ISF: interwoven structural fibre matrix; GM: growth marker; 
ShF: Sharpey’s fibres. 
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Figure 4.9 Bone histology of a Catapleura repanda peripheral (RU-EFP-18) and costal (RU-
EFP-17). A) Complete thin-section of a peripheral. The cortices thicken and merge at the lateral 
edge. B) Close-up view of (A). Growth markers are preserved in both cortices. Primary 
vascularization is more common towards the interior of the bone. C) Cross-section of a costal 
from RU-EFP-17. The cortices are very thin and the cancellous bone region is expansive. The 
circular opening near the center of the bone may be the rib anlage. CB: cancellous bone; EC: 
external cortex; GM: growth marker; IC: internal cortex; PO: primary osteon; RA: rib anlage. 
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Figure 4.10 Bone histology of a Peritresius sp. (MAPS A1203C) ?costal. A) External cortex 
showing the ridges and troughs of the surface bone ornamentation. A reticular vascularization 
pattern is well-developed. B) The ISF of the outermost cortex is primarily oriented parallel to the 
bone surface giving the appearance of parallel-fibred bone. Towards the centers of the ridges, the 
fibres of the ISF are oriented more equally in different directions. C) The external cortex under 
polarized light. Note the area of predominately diagonally oriented ISF fibres that extends down 
towards the interior of the bone. D) The cancellous bone is expansive and is composed of thin 
trabeculae and large trabecular spaces. E) The very thin internal cortex under normal light. F) 
View of (E) under polarized light. The cortex is composed of parallel-fibred bone. Note the 
abundant diagonally-oriented ?Sharpey’s fibres. CB: cancellous bone; ER: erosional room; IC: 
internal cortex; ISF: interwoven structural fibre matrix; PC: primary canal; PFB: parallel-fibred 
bone; PO: primary osteon 
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Figure 4.11 Potentially pathologic bone tissue in a costal of Peritresius sp. (RU-EFP-16). A, B) 
View of an irregularly-shaped erosional cavity in normal (A) and polarized (B) light. Note the 
few ‘spicules’ of bone extending into the cavity. C) Second ?pathologic area. Note that the cavity 
does not open up onto the surface of the bone. D) Unusual arrangement of small erosional 
cavities and osteons in the bone tissue adjacent to the ?pathologic area in (C). ER: erosional 
room; ISF: interwoven structural fibre matrix; ?Path: pathologic bone; PO: primary osteon. 
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Figure 4.12 Bone histology a costal from a juvenile Taphrosphys sulcatus (RU-EFP-2). A) 
Close-up view of the external cortex and sutures (left side). The external cortex is fairly well-
vascularized. The growth markers parallel the outer bone surface before deflecting inwards 
towards the interior of the bone near the suture margin. Sharpey’s fibres are abundant, especially 
towards the cancellous bone. B) Vascularization patterns of the external cortex. The vascular 
canals are usually aligned in rows between the growth markers and many of the interconnect via 
Volkmann’s canals. C) Complete anteroposterior thin-section. The external cortex is thicker than 
the internal cortex and the cancellous bone regions consists of relatively large, circular spaces. D, 
E) Cancellous bone and internal cortex under polarized (D) and normal (E) light. The internal 
cortex is composed of essentially avascular parallel-fibred bone. The trabecular of the cancellous 
bone are composed of lamellar bone and varying amounts of interstitial ISF. CB: cancellous 
bone; EC: external cortex; GM: growth marker; IC: internal cortex; LB: lamellar bone; PFB: 
parallel-fibred bone; ShF: Sharpey’s fibres. 
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Figure 4.13 Black and white images of the thin-sections used in the Bone Profiler analysis. 
Adocus beatus (ANSP 9698) peripheral (A)and costal (B). C) Agomphus sp. (YPM 776) costal. 
D) Agomphus sp. (YPM 671) costal. E) Agomphus sp. (YPM 775) ?peripheral. F) Peritresius 
ornatus (MAPS A1203C) ?costal. G) Peritresius sp. (RU-EFP-16) costal. H-J) Catapleura repanda 
(RU-EFP-18) peripheral (H), costal (I), plastron (J). K) Catapleura repanda (RU-EFP-17) costal. 
L) Catapleura repanda (RU-EFP-18) ?neural. M-N) Taphrosphys sulcatus (RU-EFP-2) costal in 
longitudinal (M) and transverse (N) section. 
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Table 4.1 Compactness parameters obtained with Bone Profiler for five of the taxa.  
 
 
S P Min Max Cc Cp Overall 
compactness 
% 
Inferred 
lifestyle 
Taphrosphys 
sulcatus 
        
Costal (RU-
EFP-961) 
0.062 0.559 0.507 0.876 0.507 0.875 77.50 Aquatic 
Costal (RU-
EFP-961) 
0.228 0.475 0.267 1 0.351 0.932 75.70 Aquatic 
         
Agomphus 
pectoralis 
        
Costal 
(YPM671) 
0.291 0.091 0.032 1 0.449 0.959 85.6 ?Amphibious 
?Peripheral 
(YPM 776) 
0.17 0.477 0.822 1 0.833 0.992 94.6 ?Amphibious 
Costal (YPM 
775) 
0.259 0.405 0.689 0.995 0.743 0.967 90.4 ?Amphibious 
         
Peritresius          
?Costal 
(MAPS 
A1203C) 
0.171 0.81 0.212 0.957 0.219 0.768 48.2 Aquatic 
Costal* (RU-
EFP-16) 
0.126 0.716 0.287 0.945 0.289 0.88 59.1 Aquatic 
Costal (RU-
EFP-16) 
0.153 0.767 0.268 1 0.273 0.866 56.3 Aquatic 
         
Adocus 
beatus 
        
Costal 
(ANSP 
9698) 
0.187 0.657 0.53 1 0.545 0.934 77.3 Aquatic 
Peripheral 
(ANSP 
9698) 
0.156 0.777 0.638 1 0.641 0.928 78.1 Aquatic 
         
Catapleura 
repanda 
        
Costal (RU-
EFP-18) 
0.076 0.919 0.27 1 0.27 0.803 40.4 Aquatic 
Peripheral 
(RU-EFP-
18) 
0.107 0.723 0.369 1 0.37 0.954 65.6 Aquatic 
Plastron 
(RU-EFP-
18) 
0.043 0.916 0.287 1 0.287 0.901 40.6 Aquatic 
Costal (RU-
EFP-17) 
0.071 0.923 0.452 0.999 0.452 0.854 54.8 Aquatic 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 
 
 In this dissertation, I investigated various aspects of the vertebrate taphonomy and 
paleoecology of a Cretaceous-Paleogene marine bonebed. In Chapter 1, I characterized 
the taphonomic state and history of the vertebrate remains recovered from the Main 
Fossiliferous Layer (MFL) of the Hornerstown Formation in an effort to determine how 
the bonebed formed. In Chapter 2, I recovered microstructures from a variety of fossil 
bones that were morphologically consistent with osteocytes and blood vessels. In Chapter 
3, I described the vertebrate coprolites and attempted to identify their producers. For 
Chapter 4, I inferred the likely habitat preferences of the turtles found within the MFL 
based on their bone histology of their shells. 
 In spite of the fact that the MFL may represent a mass-death assemblage related to 
the end-Cretaceous bolide impact event (Gallagher, 2002; Obasi et al., 2011), relatively 
few studies have been conducted to detail the taphonomic history of the bonebed and to 
determine how the MFL formed. These earlier studies relied on museum collections and 
did not include systematic excavation and mapping of the bonebed. Beginning in 2012, 
the Lacovara research group began a large-scale, systematic excavation of the MFL in an 
effort to determine the formation of the bonebed. For this study, I analyzed all of the 
vertebrate remains (> 3000 elements) collected in the current quarry. Most of the 
recovered bones are incomplete, isolated elements that exhibit minimal abrasion but 
varying degrees of bioerosion. However, some of these seemingly isolated elements were 
later determined to belong to the same individual (e.g. RU-EFQ-20). Multiple associated 
skeletons and articulated partial skeletons were recovered from the current quarry. The 
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relative abundance of multi-element specimens in addition to previously reported 
specimens including an articulated partial bird wing (Parris and Hope, 2002) and three-
dimensionally preserved fish (Schein et al., 2008; but also see Chapter 1) favors a 
relatively short formation time for the MFL. Obasi et al. (2011) suggest that the rate of 
sedimentation was slow but continuous from the underlying Navesink Formation through 
the Upper Hornerstown Formation. The lack of a hiatus in sedimentation argues against a 
long-term time-averaged accumulation. Gallagher (2011) reported a weak iridium spike 
centered in the MFL and Obasi et al. (2011) reported the recovery of shocked quartz in a 
burrow below the MFL. When combined with these previous studies (e.g., Starron et al., 
2001; Gallagher 2002; 2003; Obasi et al., 2011), my taphonomic data does not support 
the hypothesis that the MFL represents a reworked hypothesis. It does support the 
hypothesis that the MFL formed from relatively rapid influx of vertebrate carcasses. The 
presence of bolide impact indicators at the site indicates that the K/Pg Boundary is 
located somewhere within the basal portion of the Hornerstown Formation, possibly 
within the MFL. However, further fine-scale analyses of impact indicators, palynology, 
and microfossil biostratigraphy are necessary to locate the K/Pg Boundary. Additionally, 
more actualistic taphonomic studies are necessary to study the decay rates of organisms 
within marine settings.   
 The study and recovery of soft-tissue-like structures (e.g., Schweitzer et al., 2005; 
Cadena and Schweitzer, 2012) and biomolecules, including collagen I (Schweitzer et al., 
2009), has become more common in the past decade. However, only a few (Lindgren et 
al., 2011; Cadena, 2016) have attempted to recover organics from fossils deposited in 
aquatic settings. Here, I report the recovery of microstructures from bones from multiple 
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individuals and taxa that are morphologically consistent with modern osteocytes and 
blood vessels. The preservation of these structures appears to be independent of taxon, 
skeletal element, or macroscopic bone preservation. This study further expands the list 
geologic settings and modern conditions that can preserve possible ancient endogenous 
biomolecules and soft-tissues. Future work is needed in order to understand how 
biomolecules and soft-tissues can be preserved in aqueous environments where they 
would be exposed to the destructive effects of hydrolysis and leaching.  
 In Chapter 3, I described vertebrate coprolites recovered from the MFL. Although 
the exact producer(s) of the coprolites could not be identified, analysis of the specimens 
did provide insight into the diets and/or digestive efficiency of the producers. The general 
lack of intact, identifiable inclusions (e.g. bones) suggests that the producers were 
feeding primarily on soft-bodied organisms and/or had more efficient or acidic digestive 
tracts, which could digest mineralized hardparts. Additional analyses (e.g. acid 
dissolution and thinner petrographic-sections) may reveal additional inclusions not 
currently visible or identifiable. Although most of the specimens were broken and 
degraded by biological agents prior to fossilization, mineralization (i.e. phosphatization) 
of the coprolites occurred relatively rapidly and early in diagenesis.  
 In Chapter 4, I described the histology and architecture of individual shell bones 
from six of the eight turtle taxa known from the MFL in order to infer their habitat 
preference (following Scheyer, 2007). Two of the taxa were interpreted as freshwater 
turtles while the rest were either shallow marine or pelagic forms. The freshwater turtles 
are uncommon in the MFL and their presence can be explained in one of two ways: 1) 
these taxa were able to venture into saline water for periods of time, or 2) these 
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specimens were transported out to sea after death and represent bloat and float carcasses 
(e.g. Schäfer, 1972). Future, detailed study of the bone microstructure of multiple 
specimens of different ontogenetic stages may reveal shifts in the habitat of different age 
groups of the same species. 
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